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ABSTRACT 


19. Abstract (continued) 

Probably the most striking results in this area concern IV-VI 
semiconductors such as PbTe and SnTe, where we have originated the 
concept of false valence: In on a Te site in SnTe is a (triple) acceptor and has 
normal valence of -3 with respect to Te. But on a Te site in PbTe, In is a 
(triple) donor with a false valence of +3 with respect to Te because an In deep 
p-like one-electron level capable of trapping six electrons crosses the gap as x 
decreases in Pbi- x Sn x Te. This theory predicts that In is a donor in PbTe but an 
acceptor in SnTe; it argues that in IV-VI semiconductors impurities often 
occupy the intuitively "wrong" site or antisite; it shows that the relevant In 
occupies Te sites; it explains low doping efficiencies; and it shows promise for 
explaining solidus curves. 

This work on InN illustrates how our theory can be useful for the 
fabrication and doping of new electronic materials. The recent development 
of high-mobility InN raises the possibility of making UV sensors and even 
lasers out of this material. We have presented global predictions on the 
behavior of s- and p-bonded deep levels in InN, Ini- x Ga x N, and Ini- X A X N as a 
means of guiding experiments aimed at doping these materials for use in UV 
and glue-green optical devices. 

This contribution to the theory of Schottky barriers by developing the 
theory of defects at surfaces and at interfaces. Soon we shall publish the first 
theory of scanning tunneling microscope images of surface antisite defects in 
GaAs. This theory shows that unless the microscope bias is set correctly, an 
antisite defect can appear to be the same as the atom it replaced! We have 
also investigated the role of plastic flow in the formation of scanning 
tunneling microscope tips by electrochemical etching. 

This work has laid the foundation for treating degenerate Permi gases 
in alloys, and including multi-electron relaxation effects (i.e., infrared 
divergence phenomena) in evaluation of their optical properties. While this 
approach has a way to go before being easily implemented for realistic mode ls, 
it is far ahead of its main competitor, the renormalization group method. 

The electronic properties of Gei- x Sn x have been worked out, as a 
guideline for experimental groups attempting to grow these interesting 
materials. The physics of order-disorder transformations in metastable alloys 
such as (GaAs)i- x Ge 2 X has been elucidated (in collaboration with K. E. 
Newman) and new materials, such as (InP)i. x Ge 2 X , have been predicted as 
likely to have interesting infrared properties. The relationships of random 
alloys with partially ordered phases (e.g., zincblende, superlattice, 
chalcopyrite, etc.) have been elucidated, and a basic quasi-equilibrium 



§2 4 13 067 







approach to understanding their electronic, vibrational, and thermodynamic 
properties has been developed. 

This effort has produced the first comprehensive theory of deep levels 
in [001] and [111] ni-V superlattices. This theory elucidated the various factors 
affecting deep levels, sets forth the conditions for obtaining shallow-deep 
transitions, and predicts that Si (a common donor making GaAs n-type) 
becomes a deep trap in GaAs/A x Gai- x As superlattices with thin quantum 
wells. These results have bearing on HEMT structures. 

We have developed the pseudo-function method of local-density 
theory, including the Spin-unrestricted version. We have treated the 
hypothetical material MnTe with spin-unrestricted pseudo-function theory 
and found an antiferromagnetic ground state and conduction bands that are 
highly spin polarized. We have obtained the results of earlier theories by 
restricting the amount of spin-polarization; hence we have ascribed the 
differences between our results and earlier theories to inadequate basis sets of 
the earlier theories. We are currently exploring applications of our methods 
to other problems in magnetism, and have some optimism that our spin- 
dependent pseudo-function approach may overcome the traditional problems 
of the local-density theory of magnetic systems. 

The pseudo-function method is computationally fast by local-density 
standards, and we have used it to determine equilibrium surface relaxations 
of semiconductors by minimizing the total energies of the surfaces. We have 
also looked at many possible oxygen adsorption sites on GaAs (110) to find the 
ones with the lowest energy, in order to understand the oxidation process. 

The pseudo-function method gives the same answers to the classic problems, 
such as the bulk modulus of Si, as the other successful implementations of 
local density theory. 
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THEORY OF SEMICONDUCTING SUPERLATTICES AND MICROSTRUCTURES 

John D. Dow 
Department of Physics 
University of Notre Dame 
Notre Dame, Indiana 46556 

A. Impurity levels in bulk materials 

One of the long-term interests of our group has been to understand 
the deep level structures of impurities in semiconductors. We have 
continued working in this area because the problems are interesting and 
challenging, while often being well-suited to training graduate students. 

1. IV-VI semiconductors 

Probably the most striking results in this area concern IV-VI 
semiconductors such as PbTe and SnTe, where we have originated the 
concept of false valence: In on a Te site in SnTe is a (triple) acceptor 
and has normal valence of -3 with respect to Te. But on a Te site in 
PbTe, In is a (triple) donor with a false valence of +3 with respect to 
Te because an In deep p-like one-electron level capable of trapping six 
electrons crosses the gap as x decreases in Pbj^Sr^Te. This theory 
predicts that In is a donor in PbTe but an acceptor in SnTe; it argues 
that in IV-VI semiconductors impurities often occupy the intuitively 
"wrong" site or antisite; it shows that the relevant In occupies Te 
sites; it explains low doping efficiencies; and it shows promise for 
explaining solidus curves. 


2. InN - related materials 

Our work on InN illustrates how our theory can be useful for the 
fabrication and doping of new electronic materials. The recent 
development of high-mobility InN raises the possibility of making UV 
sensors and even lasers out of this material. We have presented global 
predictions on the behavior of s- and p-bonded deep levels in InN, 
I n l_xG a x N, and Inj_ x Ai x N as a means of guiding experiments aimed at 
doping these materials for use in UV and blue-green optical devices. 

3. Charge - state splittings and meso - bonding molecular defects 

It has been our position for years that large self-consistent 
pseudopotential calculations of deep levels are rarely necessary for 
substitutional s- and p-bonded impurities in Si and III-V semiconductors. 
This position, although opposed by significant segments of the 
theoretical physics community, has been vindicated by our self-consistent 
calculations for S in Si. 

A controversy about the character of the S 2 substitutional molecular 
defect in Si has been resolved in favor of a meso-bonding picture, based 
on our self-consistent calculations of the charge-state splittings and 
hyperfine tensor in this system. 

4. Effects of hydrostatic pressure and uniaxial stress on deep levels 
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We have shown Chat if both Che energy of a deep level and its 
(hydrostatic or uniaxial) pressure dependence are known, one can almost 
uniquely determine the substitutional defect responsible. The 
determination is often not unique, but reduces the candidate s- and p- 
bonded impurities to only a few. 

B. Surface defects 

Ve have contributed to the theory of Schottky barriers by developing 
the theory of defects at surfaces and at interfaces. Soon we shall 
publish the first theory of scanning tunneling microscope images of 
surface antisite defects in GaAs. This theory shows that unless the 
microscope bias is set correctly, an antisite defect can appear to be the 
same as the atom it replaced! We have also investigated the role of 
plastic flow in the formation of scanning tunneling microscope tips by 
electrochemical etching. 

C. Pseudo - function local - density theory 

We have developed the pseudo-function method of local-density 
theory, including the spin-unrestricted version. We have treated the 
hypothetical material MnTe with spin-unrestricted pseudofunction theory 
and found an antiferromagnetic ground state and conduction bands that are 
highly spin polarized. We have obtained the results of earlier theories 
by restricting the amount of spin-polarization; hence we have ascribed 
the differences between our results and earlier theories to inadequate 
basis sets of the earlier theories. We are currently exploring 
applications of our methods to other problems in magnetism, and have some 
optimism that our spin-dependent pseudo-function approach may overcome 
the traditional problems of the local-density theory of magnetic systems. 

The pseudo-function method is computationally fast by local-density 
standards, and we have used it to determine equilibrium surface 
relaxations of semiconductors by minimizing the total energies of the 
surfaces. We have also looked at many possible oxygen adsorption sites on 
GaAs (110) to find the ones with the lowest energy, in order to 
understand the oxidation process. The pseudo-function method gives the 
same answers to the classic problems, such as the bulk modulus of Si, as 
the other successful implementations of local density theory. 

D. Phonons in alloys 

We have developed the theory of phonons in alloys and shown how to 
treat correlated alloys by combining Ising Monte Carlo and Recursion 
methods. 


E. Heavily doped semiconductor alloys 

We have laid the foundation for treating degenerate Fermi gases in 
alloys, and including multi-electron relaxation effects (i.e., infrared 
divergence phenomena) in evaluation of their optical properties. While 
our approach has a way to go before being easily implemented for 
realistic models, it Is far ahead of its main competitor, the 
renormalization group method. 
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F. Metastable alloys 

The electronic properties of Ge^^Sr^ have been worked out, as a 
guideline for experimental groups attempting to grow these interesting 
materials. The physics of order-disorder transformations in metastable 
alloys such as (GaAs)^_ x Ge 2 x has been elucidated (in collaboration with 
K. E. Newman) and new materials, such as (InP)j_ x Ge 2 x , have been 
predicted as likely to have interesting infrared properties. The 
relationships of random alloys with partially ordered phases (e.g., 
zincblende, superlattice, chalcopyrite, etc.) have been elucidated, and a 
basic quasi-equilibrium approach to understanding their electronic, 
vibrational, and thermodynamic properties has been developed. 

G. Special points for superlattices 

We have worked out the special points (for ic-space sums) for [001] 
and [111] superlattices, and have shown that by taking advantage of 
hidden symmetries for certain superlattice period-ratios the number of 
special points is comparable with the number needed to obtain 
corresponding accuracy for bulk zincblende. 

H. Structure - modulated superlattices 

We have originated (we believe) the concept of a superlattice whose 
adjacent layers are the same material but with different structures, and 
contrasted this type of superlattice witn conventional composition- 
modulated superlattices. An example is a zincblende/wurtzite 
superlattice which is lattice-matched, yet has very interesting topology. 
We have calculated the electronic structures and deep levels in some such 
superlattices. 


I. Fanipi doping superlattices 

We have developed the concept of false-valence doping nipi 
superlattices. Such a superlattice could be formed by uniformly doping 
PbTe/SnTe superlattices with In. The In is a donor in PbTe because of a 
false valence. It is an acceptor in SnTe because of normal valence. 

(The relevant In occupies a Te site.) 

J. Deep levels in [ 001 1 and [ 111 1 superlattices 

We have produced the first comprehensive theory of deep levels in 
[001] and [111] III-V superlattices. This theory elucidates the various 
factors affecting deep levels, sets forth the conditions for obtaining 
shallow-deep transitions, and predicts that Si (a common donor making 
GaAs n-type) becomes a deep trap in GaAs/A^ x Ga^_ x As superlattices with 
thin quantum wells. Thus the common n-type dopant becomes a deep trap in 
ultra-small devices! These results have bearing on HEMT structures. 

K. Effects of band offsets and applied pressure on deep levels in superlattices 

Since band offsets are generally poorly known, except for 
GaAs/A<8 x Gaj_ x As superlattices, we have explored the dependences of deep 
level energies on the offsets -- and found them to be small. We have also 
studied the pressure dependences of the electronic structures of and deep 
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levels in superlattices. 

L. Strain - induced Type II - Type I transitions in ZnSe/ZnTe 

We have shown that by suitably choosing the periods of ZnSe and ZnTe 
in a ZnSe/ZnTe superlattice to obtain appropriate strain fields, it is 
possible to drive the structure from Type II to Type I. This raises the 
possibility of fabricating blue-green lasers from such superlattices -- 
if the doping problem can be solved. 

M. Si - based luminescence 

We have shown that with novel combinations of superlattice growth 
direction (such as [111]), band-folding, superlattice periods, and 
uniaxial stress, it is always possible to drive a Si/Ge superlattice 
direct and make it capable of emitting luminescence. We have also 
calculated dielectric functions of such microstructures to predict the 
luminescent intensities. 
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generated as a part of this report 
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DEPENDENCE Of THE CaAs (110) SURFACE ELECTRONIC STATE 
DISPERSION CURVES ON THE SURFACE RELAXATION ANGLE 
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Notre Dame, Indiana‘46556 
and 

Roland E, Allen 

Department of Physics, Texas AiM University 
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The surface state dispersion curves E(E) of the dangling bond states 
near the fundamental hand gap, Cj and Aj, are computed for both the 
established 9*27° model and the recently proposed 9=7® model of the 
(110) surface relaxation of CaAs, where 9 is the surface bond rotation 
angle. The two models produce surface state dispersion curves that are 
similar to one another and to the data. 


Until recently it was thought that the 
geometrical structure of the (110) surface jf 
CaAs was one of the few semiconductor surface 
structures that was established. The accepted 
model was the 27° rotation model (1,2): To a 
good approximation, the anions rotate rigidly 
out of the surface through an angle of 9*27°. 
This model was established 3S a result of 
careful analyses of low-energy electron 
diffraction (LEED) data, and, in addition, 
provided a wav out of a theoretical dile:..ma: 
calculations of CaAs surface states for 
unrelaxed surfaces, 5 * 0 °, produced surface 
states in the fundamental band gap (contrary to 
data) that receded into the valence and 
conduction ban is when the 5*27° relaxation was 
accounted for (3|. 

Recently, however, Gibson and co-workers (4) 
have suggested that 9*7° nay be a more 
appropriate relaxation angle, based on analyses 
of Rutherford back-scattering (RBS) cata. Duke 
and co-workers have also presented analyses of 
LEED data that Indicate that a 7° rotation, 
while not preferred, Is acceptable |S). Gibson 
ct al, have stated, however, that their data 
night be consistent with the 9=27° model, 
orovided one allows for anomalously large 
surface phonon amplitudes. 

With LEED and R8S analyses producing ambiguous 
interpretations of the data, we thought it might 
be useful to determine if the neasured surface 
state dispersion curves S(E) |6|, when compared 
with theoretical predictions, preferred either 
the 0»7° model or the 9*27° node!. Previous 
calculations of K(Jc), assuming the 0«27° model, 
were in sufficiently good agreement with Che 
data to afford explanations of the principal 

19S2 PACS Number: 68.20.+t; 73.20.-r 


experimental features (7) (Fig.l). However, we 
now find qualitatively similar dispersion 
relations E(C) for the relevant surface states, 
for 9-0°, 9-7°, 14° and 27° (Fig. 1). Since the 
theory is only accurate to several tenths of an 
cV jSi near the valence band maximum, the 
theoretical surface state dispersion curves do 
not provide means for discriminating with 
confidence among the relaxation models. The 
theory does predict that surface states do fail 
in the fundamental band gap for the 7° model (1) 
(Fig. 2 (9i and Ref. (101): 0.1 eV below the 
conduction band edge and 0.1 eV ahove the 
valence band maximum — but these energies are 
too small in comparison with the several tenths 
of an eV theoretical uncertainty to be 
convincing proof of the 27° model over the 7° 
model. 

Hence we conclude that the agreement between 
photoeralssion data and the theory does not 
provide strong evidence for or against either 
the 9»7° model or the S«27° model. The 
established 9*27° model should be retains- until 
more conclusive experimental evidence against it 
is presented. 

Finaliv, as we have been completing this 
manuscript, we have received a preprint from 
Mallhiot, Duke and Chang [11), who have 
Independently been studying this problem using 
the same Hamiltonian and comparably accurate 
theoretical techniques. They have und similar 
results; however they interpret their results as 
providing stronger support for the 9=27° model. 


Acknow ledgments — Wo are grateful to the U.S. 
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Fig. 1. Calculated surface state dispersion 
curves In the gap (solid lines) and resonant 
with the bulk bands (dotted lines), assuming a 
surface bond rotation angle of 8-0°, 7°, 14°, 
and 27° for the dangling bond (110) surface 
states C 3 and Aj of CaAs. Heavy solid lines 
represent the bulk band edges; the dashed line 
denotes the data of A. Huljser, J. van Laar and 
T. L. van Rooy, Phys. Lett. 65A . 337 (1978) and 


C. P. Williams, R. J. Smith and C. J. Lapeyre, 
J. Vac. Sci. Technol. ^5, 1249 (1978). The C 3 
state Is not shown for 8*14°, because this state 
lies too close to the 0«7° and 27° states. The 
27° results are the same as those of Ref. [7]. 
The absolute uncertainty In the theoretical 
predictions Is shown by the error bar at H 
centered on the data. 



9 


Fig. 2. Calculated energies of the dar.gling bond 
(110) surface states of GaAs (solid lines for 
bound states, dotted lines for resonances) ut f 
[9], as functions of the surface bond rotation 


angle. The results for the C 3 state are fro>n 
Ref. 110). E v and K. are the valence and 
conduction band edges, denoted by heavy solid 
lines. 






kJ U U . r\! U ' U L J 
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Tha orthogonallced plana wave band scrueturas of Cata, SnTe. PbTo. PbSe. 
and PbS are fit with a nearest-neighbor. IS•orbital sp J d , relativistic 
tight-binding model that exhibits clumical trends. The band gaps of 
Si>t, v Ca„Ia, and Get..?b s Ta alloys «r«* pr'i'ietad as functions 
of compositions k, y, and t. loving of the gap :s expected to be 
substantial for Ce^.jPb.Te, and either Sn,...Ce v Te or Ca 1 ..?b.Ta should 
exhibit a Olmnock reversal. •' ’ 


1. Introduction 

Tha rocksalc-structure 1V-VI semiconductor 
compounds, such as PbTe, SnTe. CeTe, PbSe, ar.d 
PbS all have small band gaps, high dielectric 
constants, interesting defect levels, and a 
variety of very unusual thermodynamic, 

vibrational, electronic, and Infrared properties 
;i]• exploitation of these properties for the 
fabrication of technologically Important 
cpro-eiectrenlc devices has been partially 
impeded by an incomplete understanding of the 
intrinsic and extrinsic electronic states of 
these materials. The IV-V !'t have attracted 
relatively little theoretical Attention, 

hivever, because their electronic band 

structures are complicated, having large 
relativistic splittings. At first glance, it 
vauld appear that the electronic states of bulk 
defects or surfaces of these materials can be 
•understood only If one executes a very tedious, 
relativistic theory. 

In this paper, we show that the apparently 
complicated energy bands of the IV-VI eeepounds 
can be paramecerlsed by a simple nearest- 

■a) Permanent address: Department of Electrical 
and Computer Engineering, University of 
Notre Dame, Notre Dame. Indiana 46556. 
t) Permanent address: Department of Computor 
Science, Ycscern Illinois Unlwrsltv. 
Macomb. iUlr.ola 61455. 

•c) Present address: Theodore Associates. Inc.. 
10510 Stresmvlev Court, Potomac. Marvlar.d 
20S5«, 

PACS Number: 71.25.Tn 


neighbor eight-binding model Hamiltonian. The 
perameters of this model exhibit chemical trends 
snd esn be used to predict the electronic 
structures of allays such as ?b 1 . s Sn,.Tt. 
Moreover, theories of dsfset snergy levels and 
surfacs seatea in IV-VI's can be eor./trueced 
using this simple Hamiltonian, as v« shall 
dtmonstrsts in subsequent work. 

2. Tight-binding theory 

The relativistic Hamiltonian chat produces the 
energy bend structures has chs form (2) 

H - <pV2m> ♦ V ♦ H f0 

♦ H 2 7 2 V/8m 2 e 2 • p U /Sm } c 2 

( 1 ) 

vhere V is chs crystal potential, the spin orbit 
interaction is 

H , 0 * ha.(Wxpj/im 2 c 2 . 

and the remeining term* ere the Darwin terms and 
the releclvlscic mass correction term (3|. 

Employing the ideas of Slecer end Roster (4), 
Harrison [51. Chedi (6J. end Vogl ec al. (7J. wa 
conetruct the nearest-neighbor cighc-binding 
Hamiltonian: 

H 0 " s S.».l U*.i.».R>E t4 <a.l.o.S| 

♦ |c. l.».5*d>E^ e <c,i.i>.S+3| ] 

* “R.R'.c.i.J i l».i.o.R>V^ j<c.J ,t>.R' ed| 

♦ h.e.J * H J0 . 
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TAILS I. Nearest-neighbor tight-binding parameters of CeTt, 
SnTt. PbTa, PbSa, and FbS, a« fit to th* band structure of Harman 
at al. J9J, in aV. Tha column laballad CaTa* rafars to 
Diimock-ravaraad CaTa vith tha valanea (conduction) band extremum 


at L 6 ‘ 

<V>- v d,da • v d.s 

. «nd Y* 

are taken 

to ba zero. 



CaTa 

CaTa* 

SnTe 

PbTa 

PbS. 

PbS 

E .,c 

•7.S67 

-7.992 

•6.578 

-7.612 

•7.010 

•6.566 

E s,a 

-10.976 

• 10.855 

•12.067 

•11.002 

•13.762 • 

•13.827 

E P.c 

1.656 

*.657 

1.659 

3.195 

6.201 

3.686 

E P.« 

0.666 

0.250 

•0.167 

•0.237 

•1.678 

•1.153 

E d.c 

9.08 

9.08 

8.38 

7.73 

8.72 

9.27 

E d,a 

25.85 

26.75 

7.73 

7.73 

11.95 

10.38 

*c 

0.505 

0.577 

o.s?; 

1.500 

1.693 

1.559 

A . 

0.667 

0.351 

0.566 

0.628 

0.121 

•0.211 

v «,s 

-0.617 

•0.631 

•0.510 

•0.676 

•0.602 

•0.366 

Vp 

0.877 

0.788 

0.969 

0.705 

0.929 

0.936 


0.790 

0.876 

•0.198 

0.633 

0.159 

0.186 

V P.P 

2.189 

2.161 

2.218 

2.066 

1.920 

2.073 

V P.P* 

-0.678 

•0.698 

•0.666 

•0.630 

•0.356 

0.281 

V P.d 

-1.16 

•1.65 

•1.11 

•1.29 

•1.590 

•1.162 

V P. da 

1.56 

1.78 

0.626 

0.835 

1.65 

1.16 

Vp 

-1.55 

-1.50 

• 1.67 

• 1.59 

•1.09 

•1.56 

V d,pa 

0.976 

0.762 

0.766 

0.531 

0.0697 

0.517 

V d.d 

•3.79 

• 3.87 

•1.72 

•1.35 

•1.90 

•1.67 

V d.df 

0.887 

0.892 

0.618 

0.668 

0.692 

0.659 

Table 11. Experimental values of tha fundamental gap for CaTa, 
SnTe, PbTa, PbSe, and TbS used in fitting tha tight-binding 
parameter* of Table 1 (in aV). 


CaTa 

SnTe 

PbTa 

FbSa 

PbS 


E S«P 

0.2* 

0.3 b 

0.186 e 

0.165 d 

0.286 d 



[*) L. Esaki. J. Phy*. Soc. Japan, 1966, £1, 589 [Kyoto Confaranca 
Supplement), measurement* at 6.2°K. 

(b) Rtf. [10], measurements at 6.2°K. 

{cj Ref. [10], measurements at 12°K. 

(d) 0. L. Mitchell, £. 0. Pallk, and J. K. Zamal, Proc. Seventh 
in*. Conf. Phy*. Semicond., 1966, p. 325 (1966), mta*i:r ,, sonts at 
6.2°K. 
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PbTe 



wqlatax i r 


Reduced Wave Vector 

Fig. 1. The energy baud structure in eV of that tha ztro of energy i* the valence band 
PbTa, published by Herman ac al. (9] (daahad) in maximum and chat cha fundamental band gap is ac 
comparison with cha present work (solid). Note L. 


whara h.c. maans Harmician conjugaea, R ara cha 3. Determination of tha aopirical 

rock-sale laccica positions of cha anion, i and Hamiltonian matrix alaaancs 

j are cha basis orbitals for cha cadon and 

anion raspeccivaly, o is cha spin (up or down), Tha parameters of this modal ara listed in 

a and c refer to cha anion and cacion Table I. They ware obtained by fitting the 
raspeccivaly, and «! is cha position of cha eigenvalues of tha matrix co cha energv bands 

cation relative to the anion in the R-ch call; 3 published by Harman at al. (9) (Sea Fig. 1). 

“ (*l/ 2)(1,0,0). Tha spin-orbit Hamiltonian is Analytic expressions for cha eigenvalues ac high 

_ symmetry points ware used co make an initial 

Hj 0 “ ^.o.o'.i l|c,i,s,R>X c I e »3 c <c,i,o',R|J guess for cha parameters. Than a least-squares 
_ fit of tha parameters co cha calculated energy. 

+ Z R,c,0',j 11** J .<r.R>‘ 4 L 4 «3 4 <a,J ,<r* ,R| ]. bands was performed. Tha sywnecry of tha states 

(3) on either side of the fundamental gap was also 
Wa use nine orbitals par atom in our basis, included in cha fitting procedure. This is 

each with up and down spin: s, p x , p„, p s , naesrsary to assure cha Dlanoek reversal (10) in 

4 x 2-y2. 43 s 2. r 2. d„ y , d vs , d. x . Because of cKa the ordering of binds that occurs in Pb 1 .„Sn,.Te 

importance of me d bands near tha bottom of the between PbTa (with a conduction band minimus’ at 

conduction band at tha X point we found it i,,* *nd valance band maximum ac Lc*) and SnTe 

necessary co include all five d bands in tha (with cha opposite ordering). Tha energy bands 

model. This approach is to be preferr*<: over were fit to ehe values obtained by Herman at al. 

that of Robertson (8), which included only two for wavevectors at the T, X, and L points of the 

of the five d orbitals. >/e did nuglect (i) the Srillouin ccne; but Herman’s conduction band 

somewhat smaller couplings Vj ^ between the s energies at L wars all shifted by the sar.e small 

states and the d stater, and (ii) eho amount in order to guarantee that tv* 

*-cype bonding between d states. 1 fundamental band gap agreed with experiment. The 

The resulting 36x36 Hamiltonian macrix is resulting band structures are displayed in Figs, 

given in Appendix A. 1-5. The fit of the band structure of CeTe 
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The calculated energy hands of SuTe. Fl» 1 tk. i . . 

"*■ T, ' e calculated energy bands of cubic 
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Scaling Relation for s • Levels 



Atomic .< Energy Difference (eV) 

Fig. 6. The s-orbital energy differences in 
che solid, (Table 1) versus che s-orbital energy 
differences in the aeon [7], 


assumes a PbTe-like ordering of che conduction 
and valence bands: Lg- above Lg+. The 
possibility exists, however, chat CeTe's band 
structure is Dimmock-reversed, as SnTe's is, 
with Lg + being the conduction band minimum. We 
denote Dimaock-reversed CeTe by GeTe*, and 
obtain for it the slightly different matrix 
elements listed in Table X. 

For the parameters of the model, the 
differences in che diagonal matrix elements 
E s.c* E s,a * nd E p,c‘ E p.a’ * r# *P?roximatoly 
proportional to the corresponding differences of 
atomic energies. The Vogl constant of 
proportionality ff (7) is about 0.65 for the 
s-scate and 0.9 for che p-state. (See Figs. 6 
and 7.) These proportionalities or scalinc rvles 
for the matrix elements of the empir<col 
Hamiltonian allow the theory to make sensible 
predictions of chemical trends for intrinsic and 
extrinsic electronic states of different IV-VI 
semiconductors. 

6 . Application to Alloys 

In this section we apply the theory to 
Pb,. J4 Sr...?<!, Sn^. v Ce„Te, and Ge^.,Pb.Te alloys 
and compute thu'alloy band gaps as junctions of 
the composit.'or.s x. y, and t, using the virtual 
crystal approximation. These materials are 
substitutional alloys miscible for all 
compositions. 

Pbi. s Sn s Te is an interesting alloy because the 
band gap of SnTe is "inverted" in comparison 
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Scaling Relation (or p • Le\clr. 



Atomic p Energy Difference (eV) 

Fig. 7. The p-orbitai energy differences in 
che solid, (Table 1) versus the p-orbical energy 
differences in the atom [7], 


with che gap of PbTe: the fundamental band gap 
occurs with che conduction band minimum being 
che Lg + point of the band structure, rather than 
at the che lg" point. This phenomenon was 
elucidated by Dimmock et al. [10] several years 
ago, who pointed out that a level-crossing 
phenomenon occurs with increasing x as the 
bar.d-gap of Pb^.Siv.Te decreases and attempts to 
become negative.' we calculate chat the gap 
vanishes at x»0.35, in good agreement with the 
experimental value. 

As a function of alloy composition, this 
Dimmock reversal in Pb^Sn^Te must undo itself 
in either Sn^. y Gt..Te or*Ge^..,Pb,Te. We predict 
that the second* Dimmock reversal must occur 
either near y ■» 0.6 in 5n^.„Ce v Te or ntar 
r ■ 0.3 in Gej.jPb.Te. In the former case, GeTe 
must have che same ordering of Lg bands as PbTe, 
whereas in the latter case, GeTe has the 
SnTe-like GeTe* electronic structure. (See Fig. 
8.) The calculations also indicate chet one 
should expect considerable bowing in the 
fundamental band gap versus alloy composition 
for Ge,jPbjTe, in contrast to che linear 
x-depenaence of thf gap for Pbj. s Sn J .Te. T:sis 
striking prediction of the calculations is in 
qualitative agreement with the measurements of 
Nikolic [11,12]. 

We compute the fundamental bind gaps of alloys 
such as Pb, ^.Sn^Te by diagonalising ih« 
virtual-crystal ' [13] empirical tight-oindii.. 
Hamiltonian. The covalent radii of ?’> and S: 
differ by so little (■ 4«) and all of cht- 
Hamilconian matrix elements of PbTe and SnTe ere 
sufficiently similar that a virtual crystal 
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Fundamental Gap vs. Alloy Composition 



0.25 0.50 0.75 0.25 0.50 0.75 0.25 0.50 0.75 

x y z 

Alloy Composition 



0.25 0.50 0.75 0.25 0.50 0.75 0.25 0.50 0.75 

X y 2 

Alloy Composition 


~ig. S. The calculated band gaps and lg + and 
Lg" band edges of Pb^. s Sn x Te, Sn^...Ge y Te, and 
Ge|. 5 ?b.Te versus alloy compositions x, *y, and 


z. The zero of energy is the Lg 4- band extremun . 
The hatched area is the gap. (a) For ordinary 
GeTe; (b) for Oimmock-reversed GeTe* (see text). 


approximation to the matrix elements of 

Pb^.jjSiVjTe is appropriate for states near the 
fundamental bend gap (liji the diagonal 

Hamiltonian matrix elements of Pbi.^Sn^Te are 
(1-x) times the PbTe elements plus x times the 
SnTe matrix elements (14). The off-diagonal 
matrix elements, multiplied by the square of the 
lattice constant (5), are similarly averaged, 
using Vegard’s Law for the lattice constant. The 
band edges of Fig. 8 were eigenvalues obtained 

by diagonalizing this Hamiltonian for a 

•-•avevector at the L-point of the 3ri)louin tone. 

5. Conclusion 

«'e conclude that the present tight-binding 
parameterization of che IV-VI energy bands is 


adequate for reproducing chemical trends, 
including che 3ismack band reversal phenomenon 
in Pb^.j.Sn^.Te. Therefore, it should provide a 
satisfactory starting point for genera: theories 
of localized electronic states :.. these 
very small band-gap materials, such as “deep 
traps" (15J or surface states. Subsequent work 
will use this Hamiltonian to study a wide 
variety of problems involving localized 
electronic states in 1V-V1 semiconductors. 
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APPENDIX A: The 36x36 Hamiltonian matrix 


' 2 6l V p.s 

• 2 62 V p.s 

* 2 ®3 v p> s - 

H pas can be written as: 


where we have 



The basis sec for the 
|s,c,t>, |s,c,i>, |s,a 

36x36 Hamiltonian is: 
,t>, |s,a,4>, |p v ,c,t>, 


* * 2 6l V s.p 

0 

IPy.C.»> 

IPj.C.O 

lP 2 .c.t>. 

. |Py.a,t>, 

|p x .c.i>. 

|P y .a.t>, 

IPy.C,4>. 
iPj.a,t>, 

»3 - 

- 2 *2 V s.p 

0 

iPv.a.O 

|d 2 .c,t> 

|di,c,4> 

lp v .«.*>. 

|dj,c,t>, 

|p;.a,4>, 

|d^,c,t>, 

|d t ,C,T>, 
|dj,c,T>, 


- - 2 83 V s.p 

0 

1 d 2 , c, 4>, 

|d 3 .c,l>. 

|d 4 .c.i>, 

and 



|d s .c.4> 

|c-.a,t>, 

|d 2 ,a,t>, 

|d 3 ,a,», 

_ . 


|d 4 .a.t> 

|d 3 ,a.i> 

|dj.a,t>, 
|d 4 ,a,4>, and 

|d 3 ,a,4>, 

|d s ,a,4>, 

Id 2 ,a,4>, 


0 

* 2 6l V s.P 

where ve 

have d, - d ’ v 

*■ d 2 " d 3z*-r 5 

• d 3" d xy 

»4 - 

0 

* 2 82 V s,p 

d 4" d yz 1 and d 5 _d zx- 



_ 0 

* 2 63 V s,P - 


The Hamiltonian can be written in block font 
as follows (only the lower triangular part of 
the Hamiltonian is given since it is Hermician): 


H s,s 




H pc,s 

H pc,pc 



H pa.* 

H pa,pe 

H pa,pa 


0 

0 

K dc,pa 

^dc.dc 

0 

^da.pc 

0 

'’da.dc 

^s.s * s 

a Herr.ii 

tian 4x4 

matrix 


K 


da, da 


s-states to s-states: 

0 

S0 v ss 
0 


s.c 


and K, 


pc.s 


0 1 
S0 V s.s ( 
can be written as: 


s,a 


s.a 


H 


pc.s 


0 

10 

where we have 


H, 


H 


1 " 


’ 2 SiVs 

• 2 S2 V p.s 

L’ 2 s 3 v P iS 


Hpc pc is a Hermitian matrix with all the 
diagonal . elements equal to E p c . Its other 
non-zero matrix elements in the lower triangular 
region are: 


<p v .e,t| H |Pv,c, t> - i 1/2. 

<p-.c. 11 H |pj..c,l> - l 0 /2, 

<p’,c.l| H ip v .c.t> - i 1/2, 

<P x .e,4| H |Pj,c,f> - -l c /2, 

<p’ c,i| H |p..c,t> - -H-/2, 
and* 

<p y .c,J| H |Pj.,c,- -il c /2. 

H pa,pa is a Hermitian matrix of the same 
form as H- c pc , but with the diagonal elements 
equal to E 4 ‘and the other non-zero elements as 
above with*!,. replaced with l a . 

Hpa.pc is 1 diagonal 6x6 matrix with, 

<P x .*.t| « |p s ,c,T> - V s x 
<P v * a - , l H iPy• c •- V ■' 

<pj,a, 11 H |pi,c,t> - V**' 

<p“.a.»| H |p“.c,<> - V*’“ 

<P y .».‘l H |p'c,4> - V ’ 

< P i,a.s| h |p;,c,i> - V’.'; 


and 



V 


z.z 


H da,pc 
**da,pc 


2 S4 v p,p + 2 ( 85 + £j) '’p.pe 
2 S5''p.P * 2 ^ 64 + 6 $) ^'p.pir 
2 S 6 V p.P + 2 ^ 64 ■'’Ss) ^'p.pir 
can be written in block form as: 



0 
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where Hj is the 5x3 matrix: 


•» /3 Sl V p.d 

^*2 v p.d 

0 

Sl V p,d 

S>2^ p, d 

* 2 S3 V p.d 

' 2 32^p,d* 

- 2 Sl V p.d* 

0 

0 

•2g3 v p.d« 

• 2 S2'-’?.dm 

* 2 83' , p,d)r 

0 

* 2 Sl v p,dm 


Hj- _ a is of the same fora, bur with V d ar.d 
V p,dir’- e P laced V d,p and v d.pr- 

H'da dc ls a with only four 

non-zero off-diagonal elements. The diagonal 
elements are: 

<d^,a,t| K |d 1 ,c,f> - <d 1 ,a,l| H |d 1 ,c,s> 

“ 3/2 (S4+g S )V dfd * <2g 6 +g 4 /2+g5/2)V d>d £ 

<d2,a,f| H |dj.c,t> - <dj,a,»| H |d2,c.J> 

- 3/2 (Sa+g 5 > V didi + (2 S6 * Si /2 + g 5 /2)V dd 
<d 3 .a,tl H |dj,c,t> » <di,a,t| H |d.),e,»> 

- 2 <Sc+g 5 ) V d dir + 2 g 6 V d di 
<d i ,a.r| H |d 4 ,o,T> - <d A ,a,<| H |d A ,c.i> 

- 2 (g 5 +g 6 ) V d d)r + 2 g A V d df 
<d 5 .a,t| H |d 5 .e.T> - <d 5 .a.t| H |d 5 ,c,»> 

- 2 (Si+Sg) v d ,dx + 2 05 v d .di • 

The non-zero off-diagonal elements are all 
equal: 

<d]_,a,*| H |d2.c,f> » <d2>a,t| H |d 1 .c,r> 
-<d2.a,i| H |d2,c,*>- <d2.a,s| H Id^.e.o 
- (73)/2 (g 5 -g A ) (V dd - V ddJ ) 

where we have 

g 0 (S) - 2;cos(k ){ aj/2)*cos(k v a,/2'+cos(k,at/2)i. 
Sj/?.) » i sin(k s aj/2). 

52(5:) - i sin(ky3^/2), 
iiCx) - i sin(k.aj/2). 

5^(5:) - cos(k y a L /2>. 


g 3 (k) - cos(< y a-/2). 
and 

g 5 (k) - cos(k.a L /2). 

The parameters '1 s s . 7 S and V d correspond 
to the integrals (sse)^,'(spo)^, (pdo)i in P.ef. 
I 4 ]. 

H d c and H d a are both 10x10 diagonal matrices 
whose elements are E d and E d a respectively. 
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The doping characters of vacancies, the existence of impurity 
resonances, Fermi-level saturation and de-saturation, the sensitivity of 
the resonances to host chemistry, cho behavior of lnas both a donor and 
an acceptor in Pbi. x Sn x Te, and ''he occurrence of other apparently 
anomalous valences of impurities in IV-V1 -semiconductors are shown to be 
simple and direct consequences of a covalent defect theory, with several 
of the important defects necessarily assigned to "incorrect.” or "anti" 
sites. 


In this paper wo present a simple chemical 
theory of s- and p-bonded substitutional point 
defects in PbTe and Fb^ x Sn„To which: (i) 

Corroborates experimental evidence II] and the 
predictions of Pratt and Parnda 12] (confirmed 
by Homstreet (31) that cation vacancies are 
double acceptors while anion vacancies are 

double donors; (ii) Naturally produces resonant 
defect levels near the fundamental band gap 
("nearby resonances") chat can limit, pin, or 
saturate the bulk Fermi energy so that Increased 
doping beyond a critical value does not normally 
increase the Fermi energy (Experimentally this 
Fermi-level saturation has been inferred from 
"saturation anomalies" in the Hall coefficient, 
the Shubnlkov de Haas effect, and many other 
effects (1,6],); (iii) Also predicts resonant 
levels further away from the gap, termed 
"distant resonances" (c.-., associated with 
Column-I or -VII impurities (1,6]) that can 
de-saturate the Fermi level and overcome the 
saturation anomalies (as observed in In/I- and 
TX/!!a-doped PbTe (1.6,5]); (iv) Explains why 1 
defects in different hosts have quite different 
Fermi-level saturation energies (1.4}; (v) 

Explains why some impurities, such as In (or 

^ Permanent address: Department of Electrical 
and Computer Engineering, University of 
Notre Dame, Notre Dame, Indiana 66556. 

' b ' Permanent address: Department of Computer 
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other Column-Ill impurities), can be donors in 
PbTe but acceptors in SnTe {1,6]; (vl) Suggests 
that antisice defects and impurities on the 
"incorrect" site are common; and (vli) Shows why 
PbTe, with its large dielectric constant (that 
should almost fully screen Coulomb effects) 
nevertheless appears to support different ionic 
valence states of Pb: divalent Pb 2+ and 
tecravalent Pb - *' 1 '. 

The central Idea of the theory is that s- and 
p-bonded defects each produce one s-like and 
three p-like "deep" levels wish energies in the 
vicinity of the fundamental band gap. Those 
levels are absent in the conventional 
effective-mass picture of impurity levels. 
Consider a Cd impurity on a Pb site in PbTe. One 
can imagine creating this impurity in three 
steps: (i) add two holes to PbTe, to account for 
the difference in the number of valence 
electrons between Cd and Pb; (ii) add two 
negative nuclear charges to the Pb nucleus on 
the impurity sice, again to account for the 
valence difference, and (iii) adjust the 
potential in the impurity central-cell, so that 
the Cd potential, not the Pb potential, is 
present at the Impurity sice. (That is, turn on 
the "defect potential" which represents the 
difference between the potentials of P;l and Pb.) 
The first two stops are implc*,-- ,>d in an 
ordinary effective-mass theory o: shallow 
impurity levels (6], and do not produce strong 
impurity resonance levels. The third step, i.e., 
the introduction of the central-cell defect 
potential, has two effects (a) a slight shift 
of the shallow impurity levels ttne shift is 
small because very little of the tiectiw-mass 
wave-function lies within Che central-cel 1>, and 
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(b) the production of s- and p-like "deep" 
levels (often resonant) associated with the 
perturbed chemical ' onds between the impurity 
and the host. Most effective-mass theories do 
not include the effect (b), In IV-VI 
semiconductors the static dielectric constants 
are very Urge (it - 10 3 in PbTe |i)j. and so all 
of the Coulomb effeccs are almost fully screened 
and negligible. Hence the dominant impurity 
effect in IV-VI's is the production of energy 
levels associated with the perturbed bonds. 
Because the fundamental band gaps of IV-VI 
semiconductors- are so small, most of those 
energy levels lie outside the gap and are 
resonant with either the valence or the 
conduction band -• levels we terra "deep," 
because they are due to the central-cell 
potential (7,8), 

To understand the physics of these deep 
levels, consider first neutral defects '(9j on 
the anion site of PbTe (Fig. 1). Begin with the 
simplest defect, Te. that is, ho defect at all. 



0 I II III IV V VI VII VIII 


! ' !,To ; ‘ !, !-v Hi: >. rc ’.<)!. <•;, No. 

Because Te is s- and ;p-bonded-we can think of it 
as having various mulciplets of s and p "levels" 
that are "broad resonances" -- that is. the 
various bands. One such multiplot of s and p 
levels is the valence band. So we can think of 
the Te “impurity? as having s and p “deep 
levels" that lie resonant with the valence band, 
which Is generally acknowledged to hive 
primarily te p-character with some s-character 
(2,101. (Of course, the six-fold degenerate p 
levels are split by the spin-orbit interaction 
into a four-fold degenerate p,,e level and a 
two-fold degenerate p 1/2 level, asshovn in the 
figures.) ' 

Now imagine continuously converting te 
successively into the otherRow^S elements Sb, 
Sn, In, Cd, Rb, and a vacancy. Moving to the 
left In the Periodic Table corresponds foughlv 
to all of the following equivalent operations": 
(1) increasing the atomic energy levels of the 
defect; (ii) Increasing the strength of the 
defect -potential: and (lii) decreasing the 
electronegativity of the-defect. (A vacancy can 
be thought of as an atom with very large atomic 
energies -- so large that the "atom" is 
completely out of resonance with, and does not 
couple to, Its neighbors (11).) Therefore as -be 
moves to the left in the Periodic Table, there 
deep levels move up -in energy-. The deep 
resonances also become narrower, as the defect 
moves out of resonance with the host. 

Pratt and Pirada showed that the Te-vacnncv, 
which corresponds to "Column-zero" of the 
Periodic Table.and a strongly repulsive defect 
potential, has its p-levels above the conduction 
band edge. Thus, somewhere between the Te 
“defect” (Coluran-VI) and the vacancy (Column-fi). 
the p-levels of the valence band cross the gap 
into the conduction band. Our calculations for 
PbTe, which reproduce the well-accepted 
Pratt-Parada result for the vacancy (also 
obtained by Hemstreet) indicate that the 
p-levels cross die gap near Column-Ill (Fig. 1). 
Similarly the s-levels cross into the conduction 
band as well (again a feature of the 
Pratt-Parada theory, Hemscreet's work, and the 
present computations for the Te-vacancv); with 


Fig. 1. Predicted energy levels and their 
electronic occupancies for neutral anion-site 
Rb-Row substitutional defects in FbTe. V 
denotes the anion vacancy, which can be thought 
of as originating from Column-0 of the Period 
Table. The Columns of the Periodic Table label 
the lower part of the figure. Typically the 
levels are ordered with increasing energy: s, 
Pl/ 2 * Ii,ld P3/2- Electrons in levels above the 
conduction band minimum decay to the Fermi level 
(which, for otherwise perfect PbTe is the 
conduction band minimum). Holes in the valence 
band bubble up to the Fermi level (valence band 
maximum). Hence Cdj. e is a double donor. 
Electrons (holes) are denoted by closer, circles 
(open triangles). Electrons that originate from 
higher levels appear at the top of the diagram 
for I and Xe. The dotted lines between defect 
levels emphasize the chemical trends across the 
Row of the Periodic Table. A level plotted off 
the scale is meant to suggest that such a level 
exists outside the window of the diagram 


our calculations, the crossing occurs between 
the vacancy (Column-0) and Column-!. Note that 
the basic structure of the theory displayed in 
Fig. I is a consequence of continuity and the 
well-accepted Pratt-Parada theory of the 
vacancy. The only features of the results that 
depend on the Row of the Periodic Table or on 
any quantitative theoretical factor are the 
strengths of the defect potential (or, 
equivalently, the Columns of the Periodic Table) 
at which the s- and p-levels crosr the 
fundamental band gap. 

A similar analysis of the Pb-sire b-gins with 
Che Pb "defect" on the Pb-sice which has an 
s-level in the valence band and p-levels in the 
conduction band (Fig. 2): the conductior band is 
largely Pb p-llke and the Pb s states lies In 
Che valence band (2,10). Making the defect more 
electropositive (going from Column-IV to 
Coluan-0) drives these levels up tn energy until 
eventually the s-level cr . ,,-s into the 
conduction band (between ('o', n-0 a.-.d Coiumn-I) 
to form the deep levels of t:.. vacancy. Making 
the defect electronegative drives the levels 
down, so char the p-levels u!ticacelv djop , n;o 
rb* valence band. For the Ph-row e ; the Periodic 
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Fig; 2. Defect levels of cation-site 
substitutional defects l,a PbTe for the Cs-Row; 
V c denotes a'cation vacancy. 



Table, our calculations Indicate thac the 
p-leveis cross the gap to the right of 
Coluran-VIII; 

The consequences of this simple picture of 
level movement with defect potential strength 
are considerable. Consider first an "antisite” 
In atom on a Te sice. It produces a donor .in 
PbTe (121, with its "deep" p states forming a 
nearby conduction-band resonance in both the 
theory and the data (13). Furthermore the p 
states are split into a doublet of Pxn an! * Pi/2 
levels by relativistic effects (14]; such a 
doublet has been observed for Ga (IS), which is 
predicted to have a very similar level structure 
to that of In (Fig. 1). The resonant In states 
lead to saturation of the Fermi energy: once the 
concentration of free electrons is so high that 
the Fermi energy coincides with the p-resonance, 
the previously unstable resonance becomes a 
stable electronic state capable of holding six 
electrons per In atom (three more than In itself 
provides) and the Fermi energy cannot move 
higher until these In resonant levels are 
completely filled by electrons from some ocher 
donor with a still higher resonance level, such 
as Cdjg or iodine on either site (Figs. I and 2 
(16)). The energies ' of the p resonances with 
respect to the valence band edge are sensitive 
to the host and appear Co pass through the band 
gap into the valence band as a function of alloy 
composition x in Pb^. x Sn x Te (Fig. 3). Once the 
levels are in Che valence band and below the 
Fermi energy. In becomes an acceptor, as 
observed (1,4.17). The levels resonant with the 
conduction band of PbTe occur naturally in the 
theory for the In^ e defect, and appear to move 
down through the gap as the Sn concent of the 
host is increased in excellent agreement with 
the data (1,4) (Fig. 3). At the same time, the 
Pbi x Sn x Te gap undergoes a Dlmmock reversal 
(18,19)'. tfe cannot explain these data for the In 
resonance with “normal-site" In; with antisite 
In, the explanation is simple and natural. 


Fig. 3. Energies of the theoretical conduction 
band and valence band edges (hatched) arid In Te 
defect levels in Pb, jjSh^Te versus alloy 
composition x, compared with the data (circles) 
of Refs. [1] and (4). 


The provocative suggestion that In (as well as 
Ga and A2) occupies a Te site when it produces a 
resonance in the PbTe. conduction band receives 
support from the fact Chat Cd's tendency to be a 
donor in PbTe is also incompatible with its 
occupying a Pb site exclusively, as can be 
demonstrated without a calculation: The p deep 
levels of Cd on Che Pb site are unquestionably 
resonant with the conduction band and Cd's deep 
s level can conceivably lie either in the 
valence band, in the gap, or in the conduction 
band. In any case, this level, which contains 
two electrons for the corresponding Pb atom on 
the cation site, can be chought of as having 
those two electrons removed on account of the 
valence difference between Cd and Pb. If the 
level lies in the valence band (20), the two 
holes bubble up to the valence band edge, making 
Cd a double acceptor. If the s-level lies in the 
gap, Cd is a deep trap for two electrons. If the 
s-level is above the conduction band edge, Cd is 
electrically inactive: neither a donor nor an 
acceptor. In any case, Cd on a Pb site cannot he 
a donor . This result is independent of any 
calculation. 

In our model, we calculate the Cd s-level to 
lie in the valence band (similar to Hg in Fig. 
2), making Cd a double acceptor on the Pb site. 
Thus the observation of donor action as a result 
of Cd doping indicates that Cd is not on its 
"normal” site and is compelling evidence chat 
either "antisite" Cd (on the Te sire) or 
incerstitial Cd (3) commonly occurs. One 
provocacive consequence of the theory presented 
here is thac "antisite" impurities are 
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relatively coimonand responsible for several of 
the striking experimental observations: for 
example, -the theory cannot explain the 
Feral - level saturation data, for -in, Ca, or Af 
without assuming that thoseimpurieies occupy Te 
sites. 

The 'predicted electronic occupancies of, the 
various levels (assuming otherwise perfect PbTei 
are. also shown for neutral defects In Figs- 1. 
-and 2.. They are obtained by adding, electrons or 
holes to account for the valence difference 
■between- the Inpuricy and the host atom It 
replaces. Forexaraple, to simulate Cd' on a Te 
site;, one adds four holes’to the p-ievels; This 
.leaves a doubly occupied Pwo level resonant 
with "the conduction band, which is unstable if 
'At lies above the Feral level;, hence the 
electrons- in the Cd^ e Pi /2 defect level of 
otherwise-perfect PbTe decay to the conduction 
band minimum, maklhg-Cd on the Te site a 'double 
donor. Thus we suspect that "antisite" 
Impurities- are common- in PbTe-arid other IV-VI 
semiconductors arid Chat significant 
concentrations of Cd atoms on Te sltes.wlli be 
observed in EXAFSand magnetic resonance studies 
of Cd in PbTe. 

Defects on the anion site, such as Cd, that 
cause, levels derived from the host Te atom to 
-cross-the fundamental -band' -gap" (20) exhibit 
"abriormal" doping behavior: they, do-not obey the 
usual valence rules of effective-mass theory. 
Therefore Cd is a double donor on the Te site, 
whereas effective-mass Intuition would have 
predicted it to be- a quadruple acceptor. This 
difference In predictions of six Is due to the 
fact that six spin-orbital levels have crossed 
the gap (20) during the conversion of Te into Cd 
(Fig. IV. Iri the case of the. Te vac/- -.y, which 
has six fewer electrons chan Te, both i s and' 
p levels- of Te cross the gap, and si,: of the 
-eight electroris In those levels for Te are 
removed to form ihe vacancy; the two remaining 
electrons decay to the conduction band edge, 
making the Te vacancy an abnormal double donor. 

Such abnormal doping behavior commonly occurs 
(theoretically) in IV-VI semicoriductors for 
Impurities chat lie a few Columns distant In the 
Periodic Table from the host atoms they replace. 
Therefore, If the apparent valence of an 
Impurity In a IV-VI semiconductor does not agree 
with the expectations of effective-r.tss theory, 
one should first examine the possibilities Chat 
the doping Is abnormal (apparent valence 
differing from the effective-mass values by two, 
four (21), or six) or that the impurity is on 
the “incorrect" or "anti" site. 

With a dielectric constant of t » 10 , PbTe 
cannot support defects that arc strongly ionic 
within the unit cell. Charged impurity states 
can exist, but much of the charge will 
necessarily lie in parts of the defect 
wave-function that are distant from the central 
cell. Therefore impurities are not properly 
viewed as being in ionic states and the oft-used 
terminology chat an impurity replaces either 
divalent or coernvalenc Pb is inappropriate. 
Invariably su-.h terminology is used to explain 
away abnormal doping behavior within an 
effective-mass picture: the deficient valence is 
introduced to account for a state that has 
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The theory-makes the following predictions for 
Te-slte defects: Column-I and -II impurities-on 
a Te’ site. are-.abnormaT single and double donors, 
respectively. Column-Ill impurities are. mixed, 
with B a-,normal triple acceptor; arid with At, 
Ca, arid- In abriormal; triple [-12) donors. In all 
cases, the relevant-p^M level lies near the 
band gap, in-the valence barid for B and in the 
.conduction barid. for At, Ca, -In, and It. 
According to the theory, Column-IV, -V, -.VI,, 
-VII; and -VIII -(except He (22)) impurities are 
all normal on the ariiori site, producing double 
acceptor, single acceptor, isoelectronic cericer, 
sirigle donor, andrdouble donor, behavior. 

On the. cation-site the- Pb vacancy is an 
abnormal double acceptor, while alkali 
impurities and- Column-Il defects are normal' 
triple and' double acceptors. Columns 111, IV, 
and V produce- normal single acceptors, 
isoelectronic centers, and single donors, 
respectively, -r except for N, which is predicted 
to be a quintuple acceptor, and possibly C, 
which is predicted to have a deep pj^j level 
slightly above the conduction-band edge (but, if 
this level actually were to .lie in the- gap. it 
wquld .be capable of trapping two. electrons). Two 
.possibilities are predicted for-chalcogeris on a 
Pb site in' PbTe: S, Se, Te, and Po should be 
normal double doriors;. but both the p^/2 * nii Pi/2 
levels lie below the valence barid maximum for 6, 
making it a quadruple acceptor. F is an abnormal 
triple .acceptor with-all of its s- arid p-lcvuls 
in the valence band, while the. theory places the 
p, ,, level of Cl in the valence band, making Cj 
a single donor, and the-p^ i ev *l of Br In “he 
band gap (a single donor and a deep hole trap). 

I and At are normal triple donors. The- 
substitutional rare gas defects are generally 
abnormal: double acceptors (Ne. Ar). deep pj,> 
rraps (Kr), or double donors (Xe). Rn is normal; 
a quadruple acceptor. 

The theory in its present form makes no 
predictions concerning the solubility of 
specific impurities at particular sices. 
Nevertheless, as wu have shown, the theory's 
predictions of levels often can be reconciled 
with data only if the impurity occupies a 
specific site. The model Is based on a simple 
empirical sp 3 d 5 tight-binding, theory (10j 
applied to IV-VI semiconductors following ideas 
of Vogl (23) arid HJalmarson (7) for I!I-V 
semiconductors. Charge-state splittings (which 
should be negligible) and lattice relaxation 
(which may shift levels as much as tenths of an 
eVl have been omitted in order to display the 
chemical trends of die defect levels simply and 
generally. The model's predictions are 
remarkably insensitive to alterations of the 
model, and will be compared with data in 
subsequent work. 
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A classical-well or superlattice structure can enhance luminescence by impeding energy- 
transfer to killer centers. 


In this paper we show that, under certain conditions, a superlattice structure 
or a classical-well structure can enhance the low-temperature luminescence of a 
material by impeding exciton transport to non-radiative killer centers [1.2.3]. 
(Wolford et al. have shown that alloy fluctuations have a similar effect on 
energy transfer in the GaP: N system [3].) 

The basic idea is that the superlattice or classical-well introduces barriers to 
exciton migration in one of the three dimensions:and therefore increases the 
effective mean distance from the exciton to the nearest accessible non-radiative 
recombination “killer” center (fig. 1). This exciton confinement effect reduces 
the non-radiative recombination rate of excitons and therefore increases the 
luminescent yield. 

To see that such an effect must exist, consider a lattice with N traps 
(non-radiative recombination centers) dispersed in three dimensions with den¬ 
sity D~ 3 (the mean distance between traps is of order Z)). Then consider a slice 
of this lattice of thickness A. D. The mean distance between traps in this slice 
is of order D(D/X) x/i , larger by a factor (D/\) X/i . As \ becomes small in 
comparison with D, the distance from an exciton to a non-radiative trap in the 


• Permanent address 
PACS Numbers: 78.55.Ds; 78.55.Kz 

0022-2313/85/S03.30 <0 Elsevier Science Publishers B.V. 
(North-Holland Physics Publishing Division) 





104: 


S.- F. Ren. J.D. Dow / LumineMVihe eiiluim cmehi by clax\it ul • well structures 

E 


ti, 



Fig. 1. A schematic one-electron diagram of a classical-well structure (energy versus position). The 
large band-gap layers form the cdnfinement weil in the material of band gap,£ (jp . An esciton 
(propeller) diffuses (arrow) to the nearest accessible killer center, (double lines) through other 
impurity levels (solid lines). Killer centers in the barrier are inaccessible either because they are, too 
far from the weii for efficient transfer to them, to be.possible or because the change ol their 
energies by ihe barrier renders themout.of resonance |1j and, impotent. 


slice becomes large, so that an exciton confined to the slice can more easily 
radiativelv o '.ay before being trapped. 

Stated m< i quantitatively, the probability that the nearest trap is a distance 
r from the « iton in a three-dimensional-lattice is 

Pn(r) « 4rr : .vC(l - ' * 4«rr\vC.exp( -xCV). 

where we have V - 4errV3. C is the density of lattice points. .vOis the density- 
of (randomly distributed) traps f.vC“ Z>" J ). and we have assumed a- « 1. The 
mean distance to the nearest trap is 

r Pjr)dr/J pjr)dr 
J o J o 

= r(4/3)(4cr.vC/3)" /? . 

where H:) is the gamma function. For a thin slice \ <*: (a , C) _i/j we have the 
probability 

p x (r) - 2rrrA.vC(l - .v) - ’ U< = 2-r r\.xC exp( -^IAa’C). 
and the mean distance to the nearest trap in the slice is 
" r(3/'2)(er>..vC) _l, : . 
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Here A isuhe area err : . Thus we have 

Rx/R-r. - [r(1)j ' 1 (^/6 ) , '-(.vC)‘ ,/ 6 X- 1 '- a ( D/\f\ 

We have executed model calculations to illustrate the effecton the lumines¬ 
cence of this change in effective nearest-trap-distance by the classical well. We 
assume that excitons walk randomly on a lattice containing traps which are 
distributed randomly. The jump tinte of the excitoh between .sites is a constant. 
ry imp \ the excitoh concentration is small: and the-exci tons initially are ran¬ 
domly distributed on the lattice points. Excitons jump to nearest-neighbor sites 
only (with equal probability): and. once trapped, never reappear. The effect of 
the superiattice or classical weikis to confine the excitoh to a slab: when ah 
exciton attempts to pass through a slab boundary, it is perfectly reflected 
(unless the confined slice is only one atomic layer thick, in which case the 
excitoh is only permitted to jump to one of its four neighboring sites). 

Our results, as obtained using Monte Carlo techniques [5-7] for 2000 
excitons, are given in fig. 2 for a model in which we hove " ump «2 ps. 
A - ■ 10' 5 ..and a radiative lifetime of r ■ l./ts [8]. (The Monte Carlo calculation 
has been checked by calculating the mean number of-steps before trapping for 
various analytically solvable [7] problems involving random walkers on lattices 
with traps [9].) Because we have r jum p <KT. we first compute the number of 
e xciton s remaihihgLunjrapped.assttming:.noiradiative“transitionsTT*-x)-and 
then multiply this result by exp( -t/r) to obtain a gbod approximation for the 
luminescence intensity !(/),- normalized.to unity at r-0. Note that confining 


= 1.0 


L (t) 

0.5 


0.0 

0.0 0.2 0.4 0.6 0.8 1.0 

(I0' s t/r iufff ) 

Fig. 2. Luminescence L[t) versus time t in units of the jump time f JOTlp , for un exciton confined to 
a well of thickness \ - « L . 5«/ L , IQu,,. or x, where u L is the lattice constant. These curves were 
calculated for 2000 random walkers with ,v ■ I0“ 5 , r »1 ps. and r jump «1 ps. 
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wells of u L . 5 a l . and 10a L . where a L is the lattice constant, do enhance the 
luminescence as expected: The total luminescent yields are enhanced by factors 
of 2.34,1.59. and 1.33. respectively. 

The present work is meant to demonstrate the qualitative effect on luminos¬ 
ity of exciton localization by superlattices or classical-well barriers, and hope¬ 
fully will stimulate experiments to observe : and quantitatively demonstrate the 
effect, which may have been present in the recent experiments of Petroff et ah 
(10). The principal limitation of the, present work is pur assumption that the 
exciton is of zero radius and resides on a single lattice site at a time. This 
implies that the present theory is likely to be quantitatively applicable to only 
small-radius Frenkel excitons and to organic classical wells or superlattices. In 
semiconductors, excitons have large radii and. when confined in welis of less 
than r 100 A width, exhibit quantum-well effects not inejuded in the present 
model (11). Nevertheless if the transport to the non-radia.ive killer center 
proceeds%'<s a result of migration of one carrier through successive small-radius 
deep-level states that have significantly different energies in the barrier than in 
the well, the present model should apply semiquantitatively. 
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Marshall A. Bowen 

Department of Physics, Western Illinois University, Macomb, Illinois 61455 
Roland E. Allen 

Department of Physics, Texas A&M University, College Station, Texas 77 843 

John D. Dow 

Department of Physics, University of Notre Dame, Notre Dame, Indiana 46556 
(Received 28 November 1983) 

Predictions are given for the chemical trends in (i) deep energy levels associated with 28 sp l - 
bonded sutatitutional defects, and (ii) energies of Hjalmarson-Frenke! core excitons at the '100) sur¬ 
face of Si, reconstructed according to Chadi’s (2x1) asymmetric-dimer model. The predictions sug¬ 
gest that P at tms surface should produce a deep level, and that the Hjalmarson-Frenkel surface core 
exciton should have a binding energy that is strongly site dependent. 


In this paper we report a semiquantitative theory of de¬ 
fects at the Si(100)-(2x 1) surface with its outer layer 
reconstructed according to Chadi’s asymmetric-dimer 
model. 1 Our approach is to solve for the band-gap eigen¬ 
values E of the secular equation, 

det[l—G,(E)F]=0, 

where G,(E) is the surface Green’s function and I'is the 
defect potential of Hjalmarson et al . 2i3 Thus we follow 
the theory of bulk deep levels, 2 while evaluating G, usinp 
the theory of Allen, 4 evanescent-wave techniques,* and the 
empirical tight-binding basis of Vogl et al . 3 A similar 
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FIG. 1. Illustration of the geometrical structure of Chadi’s 
asymmetric-dimer model for the Si(100)-(2x 1) surface in the 
approximation that only the first plane of atoms u"-ergoes re¬ 
laxation. The surface is at the top o.' figure, fr.s circles 
denote rows of atoms in the (001) surface, viewed aiong the (110) 
direction (referred to the usual face-centered-cubic bulk direc- 
tions). The rows o f atoms in the top layer are displaced from 
the:: unreconstructed positions (dashed circles: to the open- 
circle positions. The displacements of the surface atone em¬ 
ployed for the present work are denoted \v arrows The 
second-layer rows of atoms arc denoted by shaded circles The, 
plane of the up-i and down-1 atoms in the plant of the paper 
lies below the corresponding up-2 and down-2 plane by a per¬ 
pendicular distance V^2< ,‘4. Toe up-1 to <.p-2 distance is 
V 3 a L /4. where a L is the lattice constant. 


method has been applied extensively and successfully to 
defects at III-V(llO) surfaces by Allen et al., 6 and has 
provided a jnified explanation of observed Schcttky bar¬ 
rier neights. 7 Details of the method and calculattonal pro¬ 
cedures are available elsewhere. 8 

The results of the calculation are predictions of deep 


As Si T1 



FIG. 2. Predicted deep energy levels tor substitutional defects 
at the op site of th * Si(100M2x 1) surfac-, reconstructed accord¬ 
ing to Chaat’s asymmetric-dimer model. • ersus defect potential 
V,. The relevant defects appear at the tc>-- >f the “'igure at their 
values of I',. The shade'.: area aenotes the calculated surface- 
state ban” (which arc kr. >wn expeiwcniali) to he ~0.5 eV 
lower than 'he calculation predicts 11 ). The qualitative features 
of the calculation and chemical trends of the theory are impor¬ 
tant ard meaningful re. .‘Its. 
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FIG. 3. Deep levels at the down site of the Si(100)-(2X 1) sur- 


trap energies E versus defect potential V. V is actually a 
diagonal matrix in the local sp 3 s* basis, centered on the 
defect site V—(V„V p ,V p V p Q)\ in order to present results 
as a function of a single parameter V„ we use the rule 
V p =0.5V,? Figure 1 shows the asymmetric-dimer model 
reconstruction; Figs. 2—5 show the predicted defect levels 
for atoms at the "up” and “down” sites of the first and 
second layers of the asymmetric-dimer reconstructed sur¬ 
face (see Fig. 1). 


As Si Tl 
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FIG 4 Deep lc\ols for defects at the up si', of the second 
layer from the Sit i00)-(2 X 1) surface. 
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FIG. 5. Deep levels for defects at the down site of the second 
layer from the Si(100)-(2x 1) surface. 

A major result is that the “deep” defect levels fof atoms 
at the “up” and “down” sites and in the second and first 
layers 10 are different. This is shown explicitly in Figs. 6 
and 7 for the P substitutional impurity and Si vacancy 
(which corresponds to K,-*•»), respectively. (Consider 
only the qualitative aspects of the predictions; do not take 
the precise energy levels literally; the expected uncertainty 
is ~±0.5 eV. 11 ' 12 ) 


Si(IOOM2xt) P or exciton 



i a as 

FIG. 6. The predicted energy levels within the surf, e band 
gap for substitutional P or a Hjalmaison-Frenkel core cxciton 
(Ref. 13), as a function of layer number (« means bulk). The 
first- and second-layer deep levels all coalesce into a deep 
resonant level in the bulk. Closed (open) circles denote electron¬ 
ic (hole) occupation of the neutral defect levels Sites are denot¬ 
ed, e.g., dour. 2 meaning the second-layer »ite beneath the 
down-1 site. 
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Si (100 H 2 xl) Vacancy 



I 2 03 

FIG. 7. The vacancy levels predicted to lie m the gap for the 
Si(100M2x 1) surface as a function of layer number (go means 
bulk). Electronic (hole) occupation is denoted by closed (open) 
circles. The first- and •econd-layer levels all coalesce into the 
bulk Ti vacancy deep level (Ref. 2), which, when neutral, con¬ 
tains two electrons and four holes. 


Almost all impurities will produce at least one deep lev¬ 
el in the gap for one of the four sites near the surface. In 
particular, the bulk shallow dopants P [Fig. 6 (Ref. 13)] 
and As, when near or at the surface, are predicted to yield 
deep levels in the gap. Hence, the Si(lC0)-(2x 1) 
asymmetric-dimer surface of heavily doped Si should 
have many extrinsic surface states, with the number being 
roughly proportional to the surface concentration of 
dopants. 

At the surface, P produces levels near both f he middle 
and the top of the fundamental band gap of Si—a striking 
prediction that may have direct bearing on the Si Ip 
“core-exciton anorna'/'—that the observed binding ener¬ 
gy of the Si 2 p core exciton appears to be considerably 
larger than predicted by shailow-impurity theory. 14 In¬ 
sofar as a 2p core hole has a charge distribution similar to 
a proton, the core electron sees the effective nuclear 
charge Z of Si increased by unity to Z +1; that is, it sees 
a phosphorus defect potential. 13 Thus the energy level of 
the surface core exciton should approximately equal the 
energy of a P surface impurity, and the theory predicts 
that there should be core excitcns at the Si( 100) surface 
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with apparent binding energies relative to the 
conduction-band edge, ranging from ^0.2 eV on the up 
site of the first layer to more than half the band gap 
(g~ 0. 8 eV) on the down site. The important point is net 
the absolute values of the predicted binding energies 
(which have significant theoretical uncertainties 12 ) but 
that the variation of binding energy from site to site can 
be large. 

It is possible that this dramatic site dependence of the 
Si surface core-exciton binding energy has been observed, 
although ;. c recognized as such. Several authors have re¬ 
ported wic.Iy different Si 2 p core-exciton binding ener¬ 
gies, 14 from 0.1 to 0.9 eV, with some speculation that tne 
proximity n the core exciton to’the surface affects the 
binding energy. This variation is comparable with what 
we predict, 0.2-0.S eV. Perhaps these diverse experimen¬ 
tal results can be understood as due to experiments sensi¬ 
tive to core excitons at different sites. 

This site-dependence occurs in part because electronic 
charge transfers from the down layers to the up layers at 
the surface. Thus the up site is a pseudo-anion site and 
the down site is a pseudo-cation at this surface. Chemi¬ 
cally, the down site becomes more sp'’-bonded and the up 
site becomes more p backbonded. 15 The down cation site 
exhibits the larger exciton binding energy, as expected- In 
III-V semiconductors cation core excitons generally have 
larger binding energies than anion excitons. This is be¬ 
cause the conduction-band states are cationlike, whereas 
the valence-band states are anionlike. This trend of the 
cation-site levels lying below the corresponding anion-site 
levels holds for the surface vacancies as well as for P or 
the core exciton. 

The present results illuminate the richness of the spec¬ 
tra of surface impurities. At the present, however, there 
are few data for the energy levels of known surface im¬ 
purities; we hope that the present work will stimulate 
more experiments in this direction and provide a guide for 
elucidating the chemical trends in data. 
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I. Introduction 

In the bulk of.a tetrahedral semiconductor, a single substitutional s-p 
bonded impurity or vacancy will ordinarily produce four "deep" levels with 
energies near the fundamental band gap: one s-like (Aj) and three p-like (T2) 
[lj. These deep levels may lie within the fundamental band gap, in which case 
they are conventional deep levels, or they may lie within either the 
conduction or the valence band as "deep resonances." A sheet of N vacancies 
will produce 4N such deep levels — namely, the intrinsic surface state energy 
bands, which may or may not overlap the fundamental gap (to a good 
approximation, insertion of a sheet of vacancies is equivalent to creating a 
surface). 

Intrinsic surface states have common underlying physics with deep 
impurities because they too result from localized perturbations of a 
semiconductor [2[, and so their energies can be relatively easily predicted by 
extending to surfaces ideas developed by Hjalcarson, Vogl, Wolford, et al. [1) 
for the deep impurity problem. This has been done by several authors 
(31[4][5][6](7][8](9)[10] (11] [12), most notably by Allen and co-workers 
(131(14)(15][16][17]. 

Extrinsic and native-defect surface states also are governed by similar 
physics, and are especially interesting ir. the light of the Schottky barrier 
problem: Bardeen showed that modest densities of surface states on a 
semiconductor can "pin" the Fermi level (IP-)* forming a Schottky barrier. The 
bulk Fermi energies of the semiconductor, the metal,, and the semiconductor 
surface must align, (Fig. 1). If the semiconductor is heavily doped tv-type, the 
surface Fermi energy is the lowest empty surface state. The bands bend to 
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accomodate this alignment of Fermi levels, forming the Schottky barrier* Thus 
the Schottky barrier height is the binding energy of the lowest naturally 
empty surface state, relative to the conduction band edge* In, 1976 Spicer et 
al. proposed that the Bardeen surface states responsible for pinning the Fermi 
energy are due to native defects (18][191[20][21][22]. 

Surface core excitons are similar to surface defect states, as can be 
seen by using the optical alchemy approximation [23] or the Z+l rule [24]. 
Consider core excitation of a Ga atom at the surface of GaAs; the radius of 
the core hole is sufficiently small that the hole can be assumed to have 2 ero 
radius (i.e., the hole is equivalent to an extra proton in the nucleus). Thus 
the core-excited electron feels the potential of an atom whose atomic charge Z 
is greater than that of Ga by unity, namely Ge. Thus the Ga core exciton 
spectrum is approximately the same as the spectrum of a Ge impurity on a Ga 
site. Hence the core exciton states in semicondutors can be either "shallow" 
(Wannier-Mott excitons) or "deep" (Hjalnarson-Frenkel excitons), as is the 
case for impurity states. The deep Hjalnarson-Frenkel excitons are similar to 
the surface deep levels associated with impurities. 

In this paper, we show that the physics of deep impurity levels, 
intrinsic surface states, surface impurity states, Schottky barriers, and 
Hjalnarson-Frenkel core excitons are all similar. 

Ili Deep impurity levels at. the surface.: 

Schottky barriers and Fermi-level pinning 







The basic physics of aosc Schottky barriers can be explained in ceres of 
the Fermi-leye! pinning idea of Bardeen [18]. Stated in a slightly 
oversimplified t oris for a degenerately doped semiconductor at zero 
temperature, the Fermi energies of the .octal, the bulk semiconductor, and the 
semiconductor surface all align in electronic equilibrium. For an n-type 
semiconductor with a distribution of electronic states at the surface, the 
Fermi level or the neutral surface is the energy of the lowest states that is 
not fully occupied by electrons. Electrons diffuse, causing band-bending near 
the semiconductor surface, until the surface Fermi energy aligns with the 
Fermi levels of the bulk .semiconductor and the metal; 'This results in the 
formation of a potential barrier betyeeen the semiconductor and the metal,, the 
Schottky barrier (Fig. 1),. For an n-cype semiconductor; the Schottky barrier 
height is essentially the energy separation between the surface state that is 
the Fermi level and the conduction band edge. For a p-type semiconductor, the 
barrier height is the energy of the highest occupied electronic state of the 
neutral surface, relative to the- valence band maximum. Thus the problem of 
determining Schottky barrier heights is reduced to obtaining the energy levels 
of the surface states responsible for the Fermi-level pinning. 

In his original article, Bardeen focussed his attention oh intrinsic 
semiconductor surface states as the most likely candidates for Fermi-level 
pinning. But he also pointed put that deep levels in the gap associated with 
impurities or native surface defects could also be responsible for the 
phenomenon. 
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Following Bardeen's work, a major advance occurred as a result of the 
experiments of Mead and Spitzer {25] who determined: the Schottky barrier 
heights of many semiconductors, both n-type and p-type. Most of those old data 
have been confirmed by modern aeasureflents taken under much more favorable 
experimental conditions. 

However, after this Work, the Schottky barrier problem was widely 
regarded as understood £26] in terms of concepts quite different- from 
Fermi-level, pinning. 

In recent years Spicer and co-workers have revived the Fermi-level 
pinning node! and' have argued that the pinning is accomplished by native 
defects at or near the surface. Their picture is that during the deposition, of 
the metal native defects are created at or near the semiconductor/metal 
interface, and chat these semiconductor surface defects produce deep levels in 
the band gap that are responsible for Fermi-level pinning. 

Spicer's viewpoint has been contested by Brillson and co-workers [27], 
who have emphasized the importance of chemical reactivity on barrier height. 
The Brillson viewpoint gains support from the observation of well-defined* 
chemical trends in the variation of barrier height with the heat of reaction 
of the metal/semiconductor interface, as shown for n-InP by Williams et al. 

[28](29]( >0] (Fig. 2). (We believe that the Spicer and Brillson viewpoints can 
bu reconciled.) 

Daw,, Smith, Swarts,. and McGill (31] have proposed that free surface 
vacancies account for some of the observed Schottky barrier heights in III-V 
semiconductors. Alien and co-workers have argued that a..<.Lsite defects 
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132][33H34J[35](36] "sheltered" (37] at the surface pin the Fermi energy for 
■ost Schottky harriers between III-V semiconductors and non-reactive metals, 
but that vacancies become the ^dominant pinning, defect when the metal is 
reactive 136]. Thus the tiriilson reactivity picture can be unified; with the 
Spicer Femi-level pinning picture: the chemical reaction merely changes the 
dominant pinning defect. The experimental results of Mead and Spitzer [25], 
Wieder [38][39](40j, Williams [28][29][30], M3nch [41][42][43][44][45], their 
co-workers, and many others support this general viewpoint * 

Moreover,, the connection between the Schottky barriers formed at Si 
interfaces with transition metal silicides and the barriers between III-V 
semiconductors and metals appears to be provided by the recent work of Sankey 
et al. (46): Fermi-level pinning can account for the silicide data as well. 
Thus a single unifying picture of Schottky barrier heights, in IHrV and 
honopolar semiconductors appears to be emerging. And although this Fermi-level 
pinning picture is no doubt oversimplified, it does provide a simple 
explanation of tha first-order physics determining Schottky barrier heights, 
and how the physics changes when the dominant defect switches as a. result of 
chemical reactivity. 

It appears unlikely, however, that the Fermi-level pinning mechanism of 
Schottky barr ; j-jr formation is universal* layered semiconductors appear not to 
exhibit Fermi-level, pinning, but rather seem to obey i the original Schottky 
model [30]. This is probably because the layered semiconductors' surfaces are 
relatively impervious to defects and do hot have defect levels in the band 


gap. 









The Feral-level pinning mechanism of Schoetky barrier formation has the 
most advocates for III-V semiconductors such as GaAs and InPi However, even 
for these materials there are ocher proposed mechanisms for Schottky barrier 
formation, most notably chose of Freeouf (47] and Ludecke [48]. 

Studies of Si, especially Si/trarisitlon-metal silicide interfaces, have 
focussed on the role of the silicide in Schottky barrier formation [49], in 
contrast to the studies of III-V's . Thus, prior to the recent work of Sankey 
el al. [46], it was widely 'believed that Fermi-level pinning was not 
responsible for the Schottky barrier at these silicide interfaces. 

Thus the present state of the field is that Fermi-level pinning has its 
advocates for some semiconductors-,, but is not generally accepted as a. 
universal mechanism of Schottky barrier formation, especially at 
SJ/transition-metal silicide interfaces. 

A central point of this- "paper is the Fermi-level pinning can explain an 
enormously wide range of phenomena relevant to Schottky barrier formation in 
III-V semiconductors and in Si — which no other existing model can do. in 
fact., the authors believe that Fermi-level pinning by native defects is 

i 

responsible for the Schottky barrier formation in III-V semiconductors and in 
Si. 

Our approach to the problem is simple: we calculate deep levels of 
defects at surfaces and interfaces, and we use these calculations to interpret 
existing data in terms of the Fermi-level. pinning model. To illustrate our 
approach, we first consider the Si/transition-metal silicide interface and 
Fermi-level pinnins by dangling bonds, as suggested by Sankey et al. [46]. 
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a) Sl/tramition-oetal filicide Schottky barriers 

A successful theory of Si/transition-metal silicide Schottky barrier 
heights oust answer the following questions: (1) How are the Schottky barrier 
heights at Si/transition-metal silicide interfaces related to those at 
interfaces of III-V semiconductors with metals and oxides? (2) Why is it that 
Schottky barrier heights of Si with different transition metals do not differ 
by “1 ev'j since changes of silicide electronic structure on this scale are 
known to occur (5Uj? (3) What is'the explanation of the weak chemical trends 
that occur on a “0.1 eV scale [50]? (A) Why are the Schottky barrier heights 
of: silicides with completely different stoichiometries, such as Ki^Si, NiSi, 
and NJLSio all equal to within “0.03 eV? (5) Why are the Schottky barrier 
heights virtually independent of the silicide crystal structure? (6) Why is it 
that barriers form with less than a monolayer of silicide coverage? (7) Why do 
the Schottky barrier heights for ri- and p-Si very nearly add up to the band 
gap of Si? (8) What role do the d-electrons of the transition metal play in 
Schottky barrier formation? 

The answers to all of these questions are simple and straightforward, if 
one proposes (as Sankey et al. [46] have done) that the Si/transition-metal 

silicide Schottky barriers are a result of Fermi-level pinning by Si dangling- 

/ 

bonds at the Si/transition-metal silicide interface. (1) The Fermi-level 
ginning idea unifies the Si/transition-metal silicide Schottky barriers with 
those found for the III-V's. (2) Tne Schottky barrier heights' independence of 
the transition-metal silicide comes from the fact that the causative agent, 
the Si dangling bond, is associated with the Si, and not with the silicide of 
transition metal. (3) The weak chemical trendy ih barrier heights occur 
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because the different transition-metal silicide* repel the Si dangling bond 
wavefunction somewhat differently, causing it to lie slightly sore or less in 

? "t 

the Si. (4,5) The Schottky barrier heights vary very little with silicidc 
stoichiometry and silicide crystal structure because the Si dangling-bond 
level is "deep-level pinned" in the sense of Hjalanrson et al. (1 ;]j a large 
change in defect potential produces only a small change in the deep level 
responsible for Fermi-level pinning The transition metal atoms act a3 inert 
encapsulants with the electronic properties of vacancies, because their energy 
levels are out of resonance with the f>i. (6) Sub-oonolayer barrier formation 
occurs because the Si dangling-bond defect responsible for the Fermi-level 
pinning is a localized defect that forms before a full interface is formed. 
(7) The Schottky barrier heights for n-SjL and ,p-Si add up to. the band gap 
because (in a one-electron approximation) the pinning level associated with 
the neutral Si danglir.g-bond at the interface is occupied by one electron, and 
so can accept either an electron or a hole: it is the surface Fermi level for 
both electrons and holes — both the lowest partially empty state and the 
highest partially filled state. (8) The d-electrons of the transition metal 
atoms play no essential role in the transiticn-metal si' .'.aide Schottky barrier 
formation, except to determine the occupancy of the Si dangling bond deep 
level; they are out of resonance with the Si at the interface. 

The physics of the Si dang!in«-bond, Fermi-level pinning mechanism Is 
containad in the very simple model presented by Sankey et al. l^b]: to a good 
approximation, a Si dangling-bond at a Si/transition-netal silicide interface 
is the same as a vacancy in bulk Si with three of its four neighbors replaced 
by transition-metal atoms. To illustrate this physics,, consider first a 
vacancy in bulk Si. This defect produces four deep levels near the band gap: a 


( 







non-degenerate Aj or e-like level deep in the valence band (a "deep 
resonance") and a three-fold degenerate T-> level in the band gap. The Si 
dangling bond defect at a Si/transitlon-aetal silicide interface differs for 
the bulk Si vacancy in two ways: (l)'soae of the nearest-neighbors of the 
intcrfacial vacancy are transition-metal atoms rather chan Si atoms; and (2) 
more distant neighbors are also different atoms at different positions ■?- but 
the experimental fact that Schottky barriers fora at subapnolayer coverages 
suggests that these differences in remote atoms are unimportant. Thus we can 

t ' 

imagine constructing the Fermi-level pinning defect, by slowly changing some of 
the Si atoms adjacent to a bulk Si vacancy into transition-metal atoms (Fig. 
3).* 

To be specific we consider a Si/NiSij interface, with a missing Si-bridge: 
atom. Thus (Fig. 4) the Si bond dangles into the vacancy left by the removal 
of the Si bridge atom; this vacancy is surrounded by one Si atom and three Ni 
aeons. 

How are the Ni atoms different from Si? First, their s and p orbital 
energies lie well above those of Si. Second, they each have an additional d 
orbital, with an energy that lies well below the Si s and p orbital energies 
(and is hot terribly relevant here). The very positive Ni s and p energies act 
as a repulsive potential barrier to electrons, repelling the Si dangling bond 
electron from their vicinity in the silicide and forcing it to reside almost 
exclusively in the Si. 
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The effect of this positive potential barrier due to the Ni-Si 
difference, as It is turned on slowly In our imagination, is to drive the 
levels of the bulk'vacancy upward in energy. In fact, for Ni, the potential is 
sufficiently positive to drive the ? 2 ' bulk-Si vacancy level out of the gap 
into the conduction band. Ac the same tine, the Aj deep resonance of the Si 
bulk vacancy is also driven upward. For sufficiently large and positive 
potential, it pops into the fundamental band gap. 

\ 

The Aj-derived level cannot be driven all of the way through the gap by 
the potential though, because an (approximate) level-crossing theorem prevents 

v - 

this. A simple way to see that there is an upper bound within the .%ap vor the 

r 1 / b 

/ 

perturbed Ay ? .5level is to consider a paired-defect of a vacancy V Si with a 
neighboring aton X. If the atom X is’ Si, then the defect levels are the 
(s-iike) valence band resonance and T 2 (p-like) band gap deep level of the 
bulk Si vacancy. A. and T 2 are not good irreducible representation labels of 
the (Vg^,X) pair however; the Aj. level becomes o-bonded and the T 2 level 
produces one a-bonded and two n-bonded orbital, with the o-bond oriented along, 
the Vg if X axis and with the it bonds perpendicular to it. Thus the unperturbed 
(X*Si) 0 levels of the (V Si ,X) pair are the A* and T 2 bulk Si vacancy levels. 
The interlacing or no-crossing theorem [51] states that a perturbation cannot 
move a lavel further than the dis/ar.ee to the nearest unperturbed level. (It 
applies only approximately here;;) Hence no matter how electropositive X is, 
the (V S £,X) level derived from the Si vacancy Aj level cannot lie above the Si 
vacancy T 2 level. These considera;.ions for general (Vg^,X) pairs hold for the 
specific case of (V Si ,Ni) pairs, and carry over to the dangling bond defect at 
the Si/transition-metal silicide interface, which is a vacancy surrounded, by 
three Ni atoms and one Si. Thus the dangling-bond Aj deep level is "deep-level 









pinned" (as distinct from Feral-level pinned) in the sense of Hjalmarson et 
al. (1], and is insensitive to even major changes in the nearby 
transition-metal atoms. To a good approximation, the nearby transition-metal 
atoms have the same effect as vacancies '(which can be simulated [52] by 
letting the orbital energies of the transition-metal atoms approach +», 
thereby decoupling the atoms from the semiconductor). 

Thus the work of Snnkey et al. [46] not only provides an explanation of 
the Si/transition-metal silicide Schottky barriers, it explains why 
calculations for defects at a free surface often can provide a very good 
description of the physics of Schottky barriers: the defects at interfaces are 
"sheltered" [37] or encapsulated, by vacancies or by metal atoms that have 
orbital energies out of resonance with the semiconductor atoms; because of the 
deep-level pinning, the free-surface defects (which can be thought of as 
encapsulated by vacancies) have almost the same energies as the actual 
interfacial defects. 


b) III-V Schottky barriers 

The Fermi-level pinning story for Si/transition-metal silicides holds for 
Schottky barriers formed on III-V semiconductors as well. Here we summarize 
the main predictions of the theory. 

The basic approach of the theory was to calculate the energy levels in 
the band gap of thirty s- and p-bonded substitutional point defects at the 
relaxed [53] (110) surfaces of Ill-V semiconductors. With these results in 
hand,, Allen et al. examined Schottky barrier data in the context of 
Fermi-level pinning and eliminated from consideration all defects that 
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produced levels considerably farther than “0.5 eV (the theoretical 
uncertainty) from the observed pinning levels. Interstitial defects were not 
considered; they ‘'have less of e tendency [54] to exhibit the deep-level 

pinning that is responsible for the experimental tact that different metals 

ft 
A. 

produce similar Schottky barrier heights. Moreover, extended, defects were not 
considered initially, because it is known that paired-defect spectra are 

t r 

intimately related to and similar to isolated isolated-defect spectra [55]. (A 
more complete theory of Fermi-level pinning by paired defects, especially in 
GaSb where vacancy-antisite pairs are important,, is in: .preparation.) 

For clean semiconductors, the native substitutional defects potentially 
responsible for the commonly observed Fermi-level pinning are, vacancies and 
ancisite defects (anions on cation sites or cations on anion sites). 

In GaAs, the defects proposed by Allen, et air 32] as responsible for 
Fermi-level pinning and ; Schottky barrier formation are the antisite defects. 
The cation-on-the-As-sire defect accounts for trends with alloy composition of 
the Schottky barrier heights of n-type in^Ga^As- and -Qa^yAiyAs alloys (Fig. 
5). The Fermi-level pinning of p-InAs (56)which shows quite different alloy 
dependences [57], is also explained. 

This picture of Fermi-level pinning has been confirmed recently by Winch 
and associates, who annealed Schottky barriers and showed that the Fermi-level 
pinning disappeared at the same temperature that the bulk (and presumably also 
the surface) ahtisite defect Is known to ar.ne.il [58]. 
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InP is an even more interesting material, because its Schottky barrier 
appears to depend on the heat of reaction of the interface [28][29][30]. This 
can be readily explained [36] however in terms of switching of the dominant 
Fermi-level pinning defect from an antisite defect for non-reactive metals to 
a vacancy for reactive metals (rig. 2).* 

i • 

Moreover, surface treatments are known to alter the Schottky barrier 

height of n-In?, in a manner that can be easily understood in terms of the 

\ 

theory [36']: Surface treatments with Sn or S produce shallow donor levels 
associated with Snj n or Sp at the surface, and these levels pin the surface 
Fermi energy for contacts between r.-InP and the non-reactive noble metals.* 
Likewise 6 and Ci treatments lead to reactions with P that leave P-vacancies> 
so- that the surface Fermi-level of treated h-InP interfaced with non-reactive 
metals lies hear the conduction band edge — as though the metals were 
reactive. 

Thus- the Fermi-level pinning: idea appears to provide a simple and 
unifying understanding of a wide variety of Schottky barrier data in the 
common semiconductors. 

III. Intrinsic"surface states ,/ 

The calculations of surface defect levels for the Schottky barrier 
problem can be checked by simultaneously evaluating surface state energies and 
comparing them with the considerable body of available data. The theory 
underlying surface state calculations is basically the same as that for bulk 
point defects or surface defects, it; is quite simple, and requires only (1) 
the well-established empirical tight-binding Hamiltonian of the semiconuuctor 
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[59] (the matrix elements of Che Hamiltonian exhibit manifest chemical trends 
from one semiconductor to another), and. (2) knowledge of the positions of the 
atoms at the surfac'e. Thus a reliable treatment of the surface states of a 
semiconductor requires an adequate model of the geometrical structure of the 
surface. At present, r.o semiconductor surface structures are beyond 
controversy [60], but two seem to be rather well accepted; the (110) surface 
structure of III-V and II-VI semiconductors with the zincblende 
[53][61][62][63], and the (iOTu) surface structure of II-VI semiconductors 
with the wurtzite structure [62], In particular, (110) zincblende surfaces are 
characterized by an outward, almost-rigid-rotation relaxation of the anion 
(e.g.. As in GaAs), with the bond, between Surface anion and surface cation 
rotating through about 27° (III-V's) or 33 d (II-VI's), and with snail bond 
length changes and subsurface relaxations. 

a) (110) surfaces of III-V arid IlrVI zincblende semiconductors 

During the past five years, a number of groups have reported experimental 
and theoretical studies of intrinsic surface states at (110) zincblende 
surfaces [3][4][5][6][7][8](?)[10] [1i][12][13j[14][35][16](17)[18] 
[64] [65] [66] [67] [68] [ 69] [70].( 71 ] ( 72] [ 73]; In Fig. 6, we show the nxsst recent 
calculation for the dispersion curves E(x) at the GaAs (lip) surface [14], 
together with the .measured- surface state energies fo- Williams, Smith, and 
Lapeyre [65] arid of Huijser, van Laar, arid van Kopy [66]. Trie calculation 
employs the ten-banc* sp^s*-empirical tight-binding model of iVogl et al. (‘59.). 
The agreement between theory arid experiment is excellent. For example., along 
’the- symmetry lines X'-fi andi Pa (i.;e. ; , the boundary of the surface ErillovLn 
zone)-,- the uppermost branch of observed states appears to be explained by A-., 
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the next branch by the overlapping resonances and A 2 ', and the three lower 
branches by ', A-j, and C 2 . Here "A” and "C" refer to states localized 
primarily on anion^and cation sites, respectively. A detailed comparison with 
previous theoretical studies of the GdAs (110) surface is given in Ref. [14]. 
The primary additional features are (i) the states Aj through Ay and Cj 
through (in the notation of Ref. [7]) were located as bound states or 
resonances at all planar wavevector £ along the symmetry lines of the surface 

Brillouin zone, and (ii) two "new" resonances* A.-' and- Aj' were found. (The 

\ 

branch Ai' was reported in Refs. [5] and [74], but not in the other 
theoretical studies. The branch A 2 ' had not been previously reported.) The 
discovery of this additional resonant structure is apparently due to an 
improved technique for calculating bound states and resonances — the 
"effective Hamiltonian!' technique (14). 

In Fig. 7, the theoretical dispersion curves of Beres et al. [14] are 
shown for the (110) surface of ZnSe, together with the measured surface state 
energies reported by Ebina et al. [11]-. Again, the agreement between theory 
and experiment is quite -satisfactory, being a few tenths of an eV near the 
band gap, and larger for more ^scaht states. Some apparent discrepancies [11] 
between experiment and previous theory were found to be resolved by a more 
complete treatment of the resonances, using the approach described above. 

Surface state dispersion relations have also been calculated for GaP* 
GaSb* InP, InAs, InSb, At?, AtAs, AtSb, and ZnTe (14J[ 15][16](17]. In none of 
the direct-gap materials were intrinsic surface states found within the band 
gap. GaP, however, was found to have a band of unoccupied surface states that 
overlaps the fundamental band gap and extends below the bulk conduction band 
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edge. This is in accord with the experimental facts: of these semiconductors 
only GaP has surface states in the gap (18][69]p70l [71J[72J . Of the remaining 
indirect-gap materials, the theory indicates that intrinsic surface states may 
be observable near the top of the band gap in the indirect-gap Ai-V compounds 
[16], although the theory is not sufficiently accurate to predict 
unequivocally that the states will lie within the gap. 

b) Si (100) (2>«1) intrinsic surface states 

After many years of intensive study by numerous groups, there is still 
controversy over the geometrical structures of the most thoroughly studied 
semiconductor surfaces: Si (100) (2x1) and Si (111) (2x1). For example, four 
groups have, recently given arguments, for antiferromagnetic ordering of Si 
(111) surfaces [75], whereas Pandey has. proposed replacing the conventional 
buckling model [76][77](78] of Si (ill) (2x1) by a (llO)-like chain model 

(79] . 

In the case of. Si (100), arguments have recently been presented 

[80] (81][82} against the (2*1) asymmetric dimer model of Chad! [83]• (In the 
asymmetric dimer model, adjacent rows of surface atoms dimerize* forming a 
pattern of paired awoeic rows on the surface.) The most telling of these 
arguments involves the apparent disagreement between angle-resolved 
photocmission measurements of the surface-state dispersion curves [64][65] and 
theoretical calculations of these dispersion curves with conventional models 
of the electronic structure as applied to the asymmetric dimer geometry 
[83|(84]. 
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Very recently, two new calculations have been performed independently 
with ioproved models of the electronic structure [85]186]. The same conclusion 
was reached in both w of these studies: the electronic structure calculated for 
the asymmetric dimer model is in agreement with the measurements. This is 
illustrated in Fig. 8 (taken from Ref. [48]), where both the theoretical band 
width of 0.65 eV and the detailed variation with the planar wavevector Jt are 
seen to be in excellent agreement with the experimental dispersion curves. In 
addition, there is quite satisfactory agreement between the theoretical 

‘ ' ' ' J 

surface band gaps and the 0.6 eV gap measured by Monch et al. [87]. 

IV. Surface core exciton states 

The same calculations: that predict native-defect surface deep= levels for 
the Schottky barrier problem also yield surface core exciton energies, because 
the optical alchemy or 2+1 rule states that the Hjalmarson-Frenkel core 
exciton energies are the energies of "impurities" that are icscediately to the 
right in. the Periodic Table of the core-excited atom [23][24]. Thus 
core^excited Ga produces a "Ge defect" and core-excited In yields "Sn." 

In Figs. 9 and 10, the theoretical exciton energies for the (110) 
surfaces of the Ga-V and In-V compounds are compared with experiment [88]. 
Notice that the experimental and theoretical exciton levels for IhAs and IhSb 
lie above the conduction band edge, as resonances rather than aS bound states. 
In the present theory this result has a simple physical interpretation: Like a 
deep impurity state, the Hjalmarson-Frenkel exciton energy is determined 
primarily by the high-density-of-states regions of the bulk band structure. 
There is only a small density of states near the low-lying direct conduction 




Page 19 

band mininun (corresponding to the r-point of the Brillouln zone), but a large 
density of states near the higher, indirect X minima. Thus the conduction band 

minittun near f has'^relatively little influence on the position of the exciton. 

% 

The surface Hjalnarson-Frenkel core excitons have also been calculated 
for the (110) surface of ZnSe and ZnTe [89] and are in good agreement with the 
measurements [90]. We conclude that the present theoretical framework does a 
good job of explaining the basic physics of the "deep" Hjalaarson-Frenkel core 
excitons, whether bound states xk resonances. 

V. Unified picture 

Thus or.e interlocking theoretical framework successfully predicts the 
correct physics of (1) surface deep impurity levels and Schottky barrier 
heights, (2) intrinsic surface states:, and (3) Hj3lmarson-Frenkel core exciton 


states 
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FIGURE CAPTIONS 

Fig. 1. Schematic illustration of Feral-level pinning. Band edges of the 

bulk semiconductor, the semiconductor surface, and the Feral energy of the 

* 

metal, the surface of the semiconductor, and the semiconductor are all shown 
as functions of position. The lowest energy surface defect level that is not 
fully occupied (before charge is .illowed to flow) is denoted by an open* 
circle. This level and the Fermi levels or the n-type semiconductor and the 
metal,'align. 1 

Fig. 2. Surface Fermi energy of n-type In? versus heat of reaction of InP 
with *t1ie metals Ni, Fe, AX, t Cu., Ag, and Au, extracted from data of Ref. [28]’, 
assuming Fermirlevel, pinning. The theoretical Fermi-) v/el pinning defect 
levels for the surface P-vacaticy ('/«>, the native antisite defects (In ? and 
Pin It and the extrinsic impurities Sen a P-site (Sp) and Sn on a surface In 
-site (Snj n ) are given at the right of the figure. The n-InP data can be 
interpreted as follows; nor.-,ro3Ctive steals produce only ahtisite defects as 
the dominant defects; reactive metals and treatment of the surface with oxygen 
and Cl produce P-vacancies. Treatments with Sn and. S produce surface S.i ln and 
Sp. as dominat defects, respectivelyi 

•Fig. 1. The totally symmetric (aj) levels for a bulk Si vacancy, 
surrounded by one Si atom and three X atoms, as a function ,of the defect 
potential, V, normalised' to the Ni defect potential, after Pair. (46). For V»0, 
•the X atoms are Si; for V-V tJi the X atoms are Ni. The parent levels of the 
isolated Si vacancy are shown for V»*6. The experimental Fermi-level pinning 
position for NiSl-j extracted from the data of C5. Ottavianal, Ki N. Tu, and J. 
V> Flayer, Phys.i Rev. B24, 3354 (1981) are denoted by a dot with a label NiSi 0 . 








Fig. 4. One type of interfacial vacancy "sheltering" a Si dangling bond, 
after Ref. [46] • The geometry is that determined for ;the NiSi^/SiOll) 
interface determined by D. Cherns, G. R. Anstis, J. L. Hutchison, asd J. C. H. 
Spence, Phil. Mag, A46, 849 (1982). 

Fig. 5. Predicted: dependence or :Schottky barrier height on alloy 
compositions x and y of ln i_ x Ga x As and Ga. 1 ._yA£ y As alloys, compared with data, 
after Ref. [ 88 ,]. 

J J 

F.ig. 6 . Predicted surface state dispersion curves E(£) for surface bound 

' 'v ... 

states (solid lines) and surface resonances (dashed lines) at the relaxed 
(110) -surface of GaAs, after Ref. ( 1 4j,. The energy is plotted as a function of 
the planar vavevector E. along the symmetry lines of the surface Brillvuin 
zone, shown on the right. The labelling is the same as .that of Cheiikowsky and 
Cohen (Ref. [7]), with Aj A^, C|,, and C 2 mainly s-like, and A 3 A 5 , C 3 , and : 

nainly p-likev A 5 and C 3 are the "dangling-bond" states; A 3 , A^', and A,' 
are largely associated with in-plane p-orbitals in the first and second 
layers. The character of each state varies somewhat with the planar wavevector 
«£, and represents ah admixture of all orbitwls. The widths of the resonances 
are typically 0.5 to 1.0 eV, but in some cases ore smaller than 0.1 eV or as 
large as 2.0 to 5.0 eV. The dots follow the continuous disperson curves 
inferred by Huijser et al. (Ref. [ 66 ]) for the "clear" and "weak" experimental 

features. The open squares represent the states observed by Williams et al. 

• * 

(Ref. [65]). The data reported in Kefs... (64) and [ 6 ] are consistent wirh those 
shown hare. 
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Fig. 7 i Predicted energies of surface bound states (solid lines) and 
surface resonances (dashed) for the (Ilf/) surface of ZnSe, as function of the 
planar vavevector ^(kj jl^) > after Ref-. [15]. The surface Brillouin zone is 
shown on the right; 7 is the origin, £=(0,0). The bulk bands are shaded. E y 
and E c are the valence and conduction band edges. The experimental features 
identified with bound and resonant surface states in Ref. (11], along the two 
symmetry lines TX' ana XT’;, are .indicated by the dotted lines. 

Fig. 8. Dispersion curves for surface states and surface? resonances at 
the (100) (2*1) surface of St, after Kef’. (85]. The energy E is shown as a, 
function of the planar wavevectdr £ around the symmetry lines of the surface 
Brillouin zone. Solid lines represent results of the present calculations; 
dashed lines are the measurements of. K. I., G., Uhrberg, G. V. Hansson, J.. M, 
Nicolle, and S. A. Flodstrom, Phys. Rev.. 32A, 4684.(1981); and the dotted line 
is the measurement of F. J. Himpsel and? D. E. Eastman, J. Vac. Sci. Technol. 
16 , 1297 (1979), which were taken from T to j' along the (010) direction, 
rather than along the symmetry line T to J'. E y and E c are the Si valence and 
conduction band edges. 

Fig. 9. Predicted and observed Ga 3d core surface Frenkel excitons 
(double lobes) for GaAs, GaSb, and GaP, after Ref. (32]. The lower unoccupied 
surface states (Ref. (13)114]) are represented by closely spaced .horizontal 
lines. E y and E c are, respectively, the top of the valence band and the bottom 
of the conduction band. The experimental results here and in Figi 7 are those 
of Eastman and co-workers (th E. Eastman and J. L. Freeouf, prl 33.» l&Oi 
( 1974); 34., 1624 (1975); W. Gudat ahd D. E. Eastman, J< Vac. Sci. Technol. 13 , 
831 (1976); D. E. Eastman, T.-C. Chiang, ?• Heimanh, anf F. J. Himpsel, prl 





45, 656 (1980).)/ 

Fig. 10. Predicted and observed In- 4d core surface Frenkel excitonc for 
InAs, InSb, and In?, after Ref. [32]. 
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Electronic properties of metastable Ge x Sn t _ x alloys 
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The energy band gaps and substitutional deep impurity levels of metastable alloys Ge^Sni., are 
predicted. As a function of decreasing alloy composition x the indirect band structure of semicon¬ 
ducting Ge first becomes direct (indicating that Ge,Sn|.^ may have applications as an infrared 
detector) and then metallic. Doping anomalies commonly occur as x decreases. Between xrsOA 
and x =:0.8, the Gunn effect should occur. 


In this paper, we predict the band gaps and substitu¬ 
tional defect levels for alloys of germanium and tin: 
Ge*Sni_,,. These materials are normally immiscible for 
most compositions when grown under equilibrium condi¬ 
tions, but have been grown in substitutional, crystalline 
metastable states for compositions .v >0.78 using non¬ 
equilibrium growth techniques. 1-3 With increasingly so¬ 
phisticated growth techniques, we anticipate that meta¬ 
stable Ge^Snj..;, alloys will soon be available for a 
greater range in x* One purpose of this paper is to out¬ 
line the electronic structure of these new alloys, and to 
suggest that, for a restricted range of all.iy compositions, 
they should support Gunn-effect oscillations. Hence we 
hope to stimulate efforts to grow these materials. 

Germanium is an indirect-gap material, the fundamen¬ 
tal energy band gap occurring at the L point of the Bril- 
louin zone [k = (2rr/a i )(}.?, j)], with a magnitude of 
0.76 eV at low 5 temperature. Tin is a semimetal, a ma¬ 
terial with no band gap; its valence and conduction 
bands overlap at the T point (k = (0,0,0)]. We predict 
Ge x Sn t _ x to have a fundatr mtal band gap that varies 
from zero to 0.76 eV as a function ui composition x» 


I. BAND STRUCTURES 


The energy bands of Ge,Sn|_, alloys were predicted 
using the virtual-crystal approximation and a second- 
nearest-neighbor tight-binding model of the Koster* 
Slater type. 6 The parameters, for a first-nearest-neighbor 
tight-binding Hamiltonian, are taken to be those of Vogl 
et al ., 7 which are known to reproduce valence-band 
structures and the principal features of the lowest con¬ 
duction bands for all zinc-blende and diamond covalent 
semiconductors. An important and nontrivial feature o'" 
- 1 
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the Vogl parameters is that they incorporate chemical 
trends, so changes in these parameters as the semicon¬ 
ductor composition varies are rather well-beiiaved func¬ 
tions of changes in atomic energies and bond lengths. 
The Vogl model, in its published form, is lucking two in¬ 
gredients essential to a proper treatment of Ge,Sn|_ x al¬ 
loys: (i) spin-orbit splitting (which is important for the 
large-Z Sn atom), and (ii) st:ond-nearest-neigh!>or pa¬ 
rameters (whicti are needed to correctly simulate the rel¬ 
ative conduction .and minimum near point L along A). 
The spin-orbit eflect has been inccporated by a number 
of authors; we share common notation with Re f . 8. 
Similarly, the second-neighbor interactions can be incor¬ 
porated a» they were for Si-^Ge, alloys by Newman 
and Dow.’ The resulting Hamiltonian, in a basis of 
tight-binding states of wave vector k, is 
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We have used the notation of Kobayashi et c/. 8 for ail 
nearest-neighbor parameters. The second-neighbor pa¬ 
rameters are W'jj, =4(j,< 7,0 | // 0 jp,a.d 2 >. where d : is 
the displacement vector of a second neighbor. 10 

The first-neighbor parameters for Ge and Sn were 
fitted to the band structures of Chelikowsky and Cohen 5 
using the method of Kobayashi et at * The second- 
neighbor parameters were fit to the condu’tion-band 
edge at the L point using the same band structures. AM 
parameters are gisen in Table 1. 

By diagonalizing * ’is Hamiltonian, we obtain the band 
structures of Ge and Sn, which are in good agreement 
with the pseudopotential band structures of Chelikowsky 
and Cohen. 5 ; See Figs. 1 and 2.) To obtain the virtual- 
crystal band structures of Ge,Sn,., alloys, we first aver¬ 


age the parameters of Ge and Sn as follows: on-site pa¬ 
rameters, x [Ge] + (I-x)[Sn]; otf-diagonal parameters, 
(.r [Ge]|c (Ge)|‘ + ( 1 — .r)[Sn]jfl !Sn)| : )|u (x)| where 
[Ge] and [Sn] are typical bulk Hamiltonian parameters 
of Ge and Sn, c(Ge’ and o(Sn) are the lattice constants 
for Ge and Sn, respectively, and we assume Vegard's 
law: 

a (x)=;cfl(Ge)-r ( I — Ar)o(Sn) . 

This averaging procedure is a virtual-crystal app r o\ima- 
tion, and is valid because the Onodera-Toyozawa 11 tatio 
for Ge.Sn,., is considerably less than 0.1 for the con¬ 
duction and valence bands. This ratio is the difference 5 
in on-site energies of the two constituent materials divid- 
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TABLE I. Sn and Ge tight-binding parameters (in eV, ex¬ 
cept d, which is in A). We have added second-neighbor pa¬ 
rameters to fit the gap at the L point. The notation is that of 
Kobayashi ct a!. (Ref. 8 ). 



Ge 


Sn 


-5.8800 


-5.8800 


1.5533 


1.1733 

A. 

0.0967 


0.2667 


6.3900 


5.9000 


-6.7800 


-5.4600 

u„ 

1.6500 


1.4400 


4.8416 


3.9042 


4.9520 


-.4.0172 


4.5030 


3.6459 


0.1352 


0.1229 

d 

2.45 


2.81 


Additional second-neighbor matrix elements 
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where 





8t = sin( k x a /2 )sin( k y a /2) + i sin( k,a/2 )sin( k t a /2 ) 


g? =sin(k,a/ 2 .'sin(A: J ,a/ 2 )- 

i sin(k,a/ 2 )sin(fc,a/ 2 ) 


g» =sin( k t a /2 )sin( k,a/2) 




ed the bandwidth W of the associated band. For 
G e *S n i-*. the larger of the differences 5 of s and p on¬ 
site energies is 0.38 eV. The conduction- and valence- 
band widths of Sn are 11.34 and 5.72 eV, respectively. 
(The bandwidths of Ge are comparable) In this case, for 
Ge*Sn,_, we have h/W SO.02 for the valence band and 



FIG. 1. Band structure of Ge using the present theory (solid 
lines) compared to the pseudopotential results of Chelikowsky 
and Cohen (Ref. 5) (dashed lines). 



FIG. 2. Band structure of Sn (solid lines) in comparison 
with the results of Ref. 5 (dashed lines). 


6 /W Ik 0.07 for the conduction band. These materials 
satisfy the criterion as well as or better than alloys of 
GaAs and GaP. 

The resulting virtual-crystal-app- : mation band 
structures of Ge t Sn|_ x are displayed in Figs. 3. 4, and 5 
for* =0.25, 0.5, and 0.75, respectively. 

Figure 6 displays, as functions of alloy composition x, 
the principal virtual-crystal band gaps at point T, point 
L, and poin* X (k = (2jr/a)( 1,0,0)], and A (A is the 
wave vector of the local minimum in the conduction 
band along the [100] direction; point L is a local 
minimum). 

Interesting features of Fig. 6 are (i) that a direct (D- 
to-indirect (I) crossover is predicted near x~0.8, (ii) 
the alloy’s fundamental band gap is nonzero for x >0.4, 
and (iii) the level at T is lower in energy than the level at 
L for x <0.8. This means that Ge x Sn|_ x will be semi- 
metallic for x <0.4, a semiconductor with a direct gap 
for 0.4 <x <0.8 (and hence a potential infrared detector 
or light emitter), and a potential Gunn oscillator for 
0.4<.c <0.8. (See below.) For x >0.8, Ge x Sn,_ x is an 
indirect-gap semiconductor. 



FIG. 3. Band structure of metastable Ge,, j,Sn 0 -.. 
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II. DEEP IMPURITY LEVELS 
A General 

The deep impurity levels are computed following the 
general approach of Hjalmarson et ah " 12 Because of the 
chemical trends in the matrix elements, a defect poten¬ 
tial matrix can be consttucted rather easily. For substi-, 
tutidnal defects that have the same bond-length as the 
host atoms they replac-. the matrix in a basis of local¬ 
ized orbitals centered at the defect site is 



\ ej 

W 

|£:> 

\E<>> 


0 

0 

\E s y 

Q 

,i n - n 
e r ~-n 

0 

\%) 

0 

0 

,1/2 ,1/: 

e i — 


where € is the on-site energy 13 of the host (h) or impuri¬ 
ty (i). Note that the £ 6 state is s 1 /: -Iike, the £7 state is 
P; / 2 -Iike, and the E % state ispj/j-iil.c. 

The effects of lattice relaxation around the detect and 
bond-length changes can be incorporated by noting that 
the off-diagonal matrix elements of the Hamiltonian u 
rcale as the inverse square of the bond length. Here we 
neglect such lattice relaxation effects: because : )-they 3re 
small, of order 0.1 eV, on the energy scales of relevance 



« * ux r 

M 





Sn * Ge 


FIG. 6 . Predicted lowest conduction bands at I\ L, and X 
(the valence band is shaded! vs alloy composition x for 
Ge,Sni_i. The band gap varies from zero for x =0.4 to 0.76 
eV for pure germanium: This covers energies corresponding to 
infrared lir.ht. The Gunn effect should occur for 0.'4<x <0.8 
because the high-mobiiity low-effective-mass T minimum lies 
Mow the low-mobility L minimum. For x <(‘.4 the alloy is 
predicted to have zero gap. 


to the deep impurity problem—namely, the ~10-eV 
bandwidths, and the ~l-10-eV scale of the defect po¬ 
tential, and (ii) we are exploring the global chemical 
trends in the defect levels rather than attempting to pre¬ 
dict with precision the energy levels of a specific defect 
in a single ..host—while the physics of the unrelaxed 
deep levels may exhibit well-defined trends, the lattice 
relaxation may be governed by different chemistry which 
might obscure the trends in the unreiaxec deep levels; 
Introducing the GreenVfunction operator 

C{E)=[E-H 0 r' , 

where the energy £ is to be interpreted as having r.n 
infinitesimal posit, ve imaginary part when it lies in a 
host band, the Schrodinger equation for the deep level 
eigenvalues,£ is 

l// 0 +W=£tfr, 

and leads to the secular equation 

det(l-GF )=0 . 

Here H„ is the host-crystal Hamiltonian, V=H — H 0 is 
t^e defect matrix, and I is the unit mat ix. Invoking the 
diamond-crystal symmetry of virtual-crystal Gc^Sn,.^, 
the secular equations reduce to the scalar equation 

l/F { =(?*(£) 

for the doubiy degenerate Jj/ylike £ 6 level, 
\/V w =G 1 (E) 

for the doubly degenerate/ti/j-like £7 levels, and 
1/K V 2 =Gs(£S 
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for the fourfold-Jcgenerate pj/i-Iike £$ levels. Here G 6 , 
and Gi are Green’s functions for £$,. £ 7 , and £$ 
symmetry, and are defined as follows: 

3 _1 iTXn l - 

£ — £„< kl 


<?/(£)=2/ dkl 


where £„(ki is the nth eigenvalue at wave vector kand 
| /.Ic./i > is the nth eigenvector.at k with / =S|..i, pyi, 
or Pi/j-for the £ A , £*, or £ 7 symmetry, respectively. 
The matrix elements V, are deduced from the chemical 
"end:' 

k/ = /?/(nty.i,np — t^/.ho« f % 

where ui’ iimr and iv,_ hou are atomic energies for the im¬ 
purity and host atoms, respectively, / =* 1 / 3 . P 1 / 2 , or 
p,,-,, and Pt= 0.8 for l=s ir , and 0.6 for l=P\n or 
Pi, j. We have , = V l/2 = V p . 

B. Deep levels 

The predicted substitutional-impurity deep-level ener¬ 
gies £Jn_the fundamental band ; gap obtained by-solving 
the secular equations for Ge Jt Sn ! _ x are given in Figs. 7 
and 8 for levels of £ 4 . E-,, and £ s symmetry, respective¬ 
ly. The levels found for Ge are in generally good agree¬ 
ment with what is known about deep impurities in that 
material. The results of this model are comparable with 
those of other theories . 14-15 some of which are much 
more complicated. For crumple, we calculate the vacan¬ 
cy E% level to be 0.24 cV above the valence-band edge, 
compared to a range from 0.04 to 0.66 eV for other 
theories . 9 We estimate the uncertainty in our theory to 
be a few tenths of an eV, comparable with the claimed 
0.2-eV uncertainty for self-consistent pseudopotential 
calculations . 15 In Table II we compare the present 



FIG. 7. Predicted substitutional deep impurity levels in 
Ge,Sni_, of £» ls-like symmetry as a function of composition 
x. The zero of ene gy is the valence-band edge. The 
conduction-band edges at T and L are shown. Impurity levels 
ir- the gap for pure Ge are driven into the conduction band as 
x decreases. Occupancies of the neutral impurity states are 
shown on the right; electrons arc solid circles and holes are 
open circles. An extra electron (denoted by -•) would occu¬ 
py 3 state near the conduction-band edge. 



FIG. 8 . Predicted substitutional impurity deep levels in 
Ge.Sn, of E- !p :/ 2 -like) and E , fp 3 / .-likc: symmetry as 
functions of composition x. The levels are plotted relative to 
the valence-band edge. Occupancies of *he states are shown: 
electrons are solid circles and holes are open circles. The 
conduction-band edges at F ana L are shown. Impurity levels 
in the gap.for pure germanium.are driven.into the conduction: 
band as x decreases. 


theory with experiment. The deep energy levels for S, 
Se, and Te, all from column VI of the Periodic fable, 
show a definite trend to higher energies for the series S 
to Se to Te. This trend is due to a reduction in the mag¬ 
nitude of the atomic orbital energies 7 for the valence 
electrons of-these impurities: hence the defect potential 
weakens. The trend is present both in theory and in ex¬ 
periment. While the predicted level for S precisely 
matches experiment (accidentally good agreement for a 
theory with an uncertainty of a few tenths of an eV). the 
theory also agrees with the data for Se, and places the 
Te deep level just above the conduction-band minimum, 
while the data reveal a level of 0.1 eV below the band 
edge (within the uncertainty). 

C. Doping anomalies 

As the band gap decreases with increasing Sn compo¬ 
sition, the deep levels lying in the fundamental band gap 
of Ge pass into either the conduction band or the 
valence band of the alloy. Wher. this happens, a doping 


TABLE II. Comparison of our calculated deep levels (in eV) 
in Ge with experimental values taken from W. \V. Tyler, J. 
Phys. Chem. Solids 8 , 59 (1959). The Te deep levei tn our 
theory is resonant with the conduction band so the ground 
state of the Te impurity nas its two extra electrons in the 
effective-mass shallow levels. 


Impurity 

Deep levels 
Present theory 

Experiment 

S 

0.58 

0.58 

Sc 

0.69 

0.62 

Te 

resonant 

0.65 
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anomaly generally occurs. There arc two types of com¬ 
monr--jdoping anomalies: (t) deep ; shol!ow transitions, 
which occur when a deep level crossesa band edge, and 
(ii) fake, valences that-result from a deep level crossing 
the fundamental band gap. 

Forsclarity of discussion, we shall assume'that the pre¬ 
dicted deep-level energies are precisely correct, while 
cautioning the reader to make allowances for a few 
tenths of ameV uncertainty in the theory due to neglect 
of lattice relaxation and charge-state splitting of the lev¬ 
els : 14 for example, the Hg £* level, according to Fig. 8 , 
is both an electron and a hole trap, but might actually 
lie below the valence-band maximum, donating its two 
holes to the valence band, and becoming a double accep¬ 
tor.' (The holes are then trapped by the long-ranged 
Coulomb potentiahin shallow acceptor levels.!- 

1. Deep-shaliow transitions 

All impurities with deep levels in the gap for Ge un¬ 
dergo a deep-shallow transition as the Sr composition 
increases.. For example, the /» 3/I -Iike £< Hg levci is 
driven into the valence band (Fig. 8 ), wliiic the other 
deep levejs are driven into the conduction band (Fig. 7.5 

When the Cl, Br, and I deep E, levels pass into the 
conduction band with decreasing x, the electrons that 
occupy the deep levels are autoionized, fall to the 
conduction-band minimum, and then are trapped in 
shallow levels. These impurities cease being deep hole 
traps (plus single donors) and instead become triple 
donors—the status they wou.J hold in a naive effectn :- 
mass theory which contained no deep levels; 

Simija..y S and Se are deep (double-hole) traps in Ge 
but become double donors for smaller .\ (see Fig. 7). N 
is a deep (electron and hole) trap in Ge. but becomes a 
shallow donor for x <0.6>. The Hg ,£ g levelstraps two 
electrons and two holes (if the theory is taken literally) 
in Ge, but Hg becomes a doubic acceptor with increas¬ 
ing Sn content. Fina!:> the vacancy, which is a deep 
trap in Ge capable of capturing four electrons or two 
holes, becomes a doubie donor when both of its levels 
enter the conduction band i but is only a hole trap when 
the £j level is in the conduction band and the t~, level is 
in the gap). 


2. False valences 

Substitutional oxygen displays a false valence of zero 
with respect to Sn or Ge, instead of —2. To see how 
this happens, consider Fig. 9, which displays the predic¬ 
tions for substitutional impurities from row 2 of the 
Periodic Table in Ge. The s-like and p-like levels in the 
conduction band of Ge for a column-1 V defect (C) move 
dow > : n energy as one move-; to the right in the Periodic 
Tabie. The j-likc level lies in the gap for N, but crosses 
the gap into the valence band for oxygen and F. Simi¬ 
larly the p-like £; and £* levels descend into the gap for 
F. Because its s-like E b deep level has crossed the gap 
into the valence band and contains two electrons, neutral 
oxygen produces neither a dou - . !e donor (effective-mas* 
intuition) nor a lcep trap. Instead neutral oxygen is in¬ 
ert, neither trapping, nor donating, nor accepting elec¬ 



FIG. 9. Predicted deep levels for substitutional impurities 
from row 2 of the Periodic Table in Ge. Impurities to the 
right of C, namely N, 6, and F, are not donors (counter to in-, 
tuition). N and F are traps, while O is inert. B and Ik are ac¬ 
ceptors, C is inert, and Li and the vacancy trap both electrons 
and holes.. Levels in the bands are not to scale. 


trons. It has a false valence of zero with aspect to Ge; 

Similarly F has a false valence of —1 instead of —3, 
and aiso has a deep level in the gap of Ge. There are no 
false valences for impurities of, the left side of the 
Periodic Table, because the filled s- and / 7 -like states in 
the valence band move up in energy, and cross intd^the 
gap for the vacancy levels (Fig. 9), 

III. GUNN EFFECT 

Gunn oscillations ' 7,18 result when electrons can 
transfer from a high-mobility region of the Brillouin 
zone to a low-mobility region. The mobility is 

H=\e |r/m* , 

where e is the electron's charge, and m * is the electronic 


1.0 


0.8 


^ OS 

m 

e 

0.3 


0.0 

0.0 OS 1.0 

Sn * Ge 

FIG. K). Predicted effective electron masses hi the T and L 
valleys vs coniposilioii x. The mass in the I' valley is smaller 
than the mass of the L valley, likely resulting in a larger mobil¬ 
ity for electrons in the T valley. The Gunn effect may be ob¬ 
served for 0.4 cx <-.0.8. The minimum in the mass of the T 
vdlley otvurs at the composition where th» energy band gap 
vanishes. 
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effective mass, arid r is the scattering time (due to pho¬ 
non, impurity, and alloy scattering). In most semicon¬ 
ductors the mobility of electrons in theT valley of the 
conduction band is considerably higher than that in the 
L of X valleys, owing to the very light effective mass. 
We find this;-to be the case for Ge t Sn,_ , (see Fig. 7). w 
The effective masses produced by the currerit triodel may 
be in error by as much as a factor of 50; nevertheless, 
the model does give a good qualitative idea of how the 
masses vary with composition: the mass of the T 
minimum becomes very light near .x~0.4, as the alloy 
becomes metallic (see Fig. 10). 

Gunn devices are also known tc producewoherent ra¬ 
diation. :u,:i As the potential across the device incisases, 
it everitually causes transitions to the low-mobility state, 
and then the electrons slow down and form a high- 
resistivity domain that propagates along the device. 
Most of the potential drop is over the small domain. 
The resulting electric fields are large and can cause im¬ 
pact ioriization, generating electron-hole pairs. As the 
domain passes through the material, the .electron-hole 
pairs are left behind. The electrons (holes) fall to the 
conduction (valence) -band edge through phonon emis¬ 
sion. The pairs undergo radiative recombination. Such 
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radiation stimulates further recombination and light is 
coherently produced. It is an unanswered experimental 
question whether such effects occur in Ge^Sn,_ t . 

IV. SUMMARY 

In summary, we hav- predicted the electronic struc¬ 
ture of Ge^Sn,__, alloys. and find that these materials 
should exhibit interesting properties for some ranges of 
composition x, including direct band gaps in the infrared 
and band structures compatible with the Gunn effect. 
We hope that this work will stimulate further attempts 
to.produce electronic-grade Ge,Sn|_ x materials. 
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Theoretical predictions of electronic energy levels associated with 5- and ^-bonded substitutional 
point .defects at (110) surfaces of InAs ; and other III-V semiconductors are presented and 
discussed. The specific defects considered for InAs are: anion and cation vacancies, the (native) 
antisite defects In Aj and As,„, and 26 impurities. The predicted surface-defect deep levels are used 
to interpret Schottky barrier height data for (a) n- and p-(InAs) and (b) the alloys Al x Ga, _ x As, 

GaAs,_ x P x , In, _ x Ga x P, and In,_ x Ga x As. The rather complicated dependence of the 
Schottky barrier height i t on alioy composition x provides a nontrivial test of the theory (and 
competing theories). The following unified microscopic picture emerges from these and previous 
calculations: (1) For most III—V and group IV semiconductpre. Fermirleyel pinning by native 
defects can explain tlie observed Schottky barrier heights: (2) For GaAs, InP, and other III-V 
semiconductors interfaced with nonreactive metals, the Fermi-level pinning is normally due to 
antisite defects. (3) When InP is interfaced with a reactive metal, surface P vacancies are created 
which pin the Fermi level. (4) Impurities and defect complexes are sometimes implicated. (5) At 
Si/transition-metal-silicide interfaces, Si dangling bonds pin the Fernii level. (6) These defects at 
the semiconductor/metal interfaces are often “sheltered" or "encapsulated.” That is, the states 
responsible for Fenr.i-lcvel pinning are frequently "dangling-bond” states that dangle into a 
neighboring vacancy, void, or disordered region. The defects are partially, surrounded by atoms 
that are out of resonance with the semiconductor host, causing the defect levels to be deep-level 
pinned and to have energies that are almost independent of the metal. 

PACS m mbers: 73.2Q.Fb, 73.30. + y 


I. INTRODUCTION 

In this paper we report calculations of the deep levelr asso¬ 
ciated with surface s - and p-bonded substitutional point de¬ 
fects in InAs, and we show how these results fit into an 
emerging unified microscopic picture of surface deep levels 
and Schottky barrier heights in III-V and group IV semi¬ 
conductors. 

II. DEFECTS AT THE InAs (110) SURFACE 

The calculations we report employ existing and well-es¬ 
tablished techniques for treating defects in semiconductors 
and at semiconductor surfaces. 1 " 16 Briefly sta f ed, the 
Green’s function matrix (?(£) = (£ — H)~' of the host semi¬ 
conductor, with a (110) surface relaxed according to the 27 
rigid-rotation model, ,7 " 19 is constructed in an empirical 
nearest-neighbor sp 3 s* tight-binding basis.* 1,9 Because the 
matrix elements of the empirical tight-binding theory exhibit 
simple dependences on the orbital energies of the atoms and 
the bond lengths between neighbors, the changes in these 
matrix elements due to a defect can be estimated from the 
known atomic orbital energies of the defect atom and the 


(presumed known) lattice distortion around the defect. Thus, 
a defect potential matrix V d car. be ccnstru’*’ * b is 
localized to the impurity siteand a small number of ns neigh¬ 
bors. (In practice lattice distortion around the defect has 
only a small, =0.2 eV, effect on the deep levels of interest, 
and so we neglect it—making V d a diagonal matrix in a lo¬ 
calized basis.) The resulting eigenvrlue equation for the 
“deep” energy level £ is 

det[l-<7(£)F,,J r-.O, 

whose solutions £( F,) are given in Figs. 1 and 2 for defects at 
the (110) surface of InAs. [To plot £ as a function of a single 
variable V„ we fme made the usugl approximations for the 
on-site matrix elements of the 5x5 matrix V d : (1) the s* 
oiagenal element and all off-diagonal elements vanish, and 
(2) the th» eep diagonal elements are equal to one another and 
half of the s-diagonal element F,. 9 "’ 0 ] Details of the calcula¬ 
tions, which are identical to those for other III-V semicon¬ 
ductors, ar ■ available in the litc.ature. 1 " 5,12 It should be em¬ 
phasized that this theory is best suited for predicting 
chemical trends in the energy levels of different impurities in 
different hosts, rather than predicting with precision the ab- 


44# J. Vac. Scl. Techno!. B 2 (3), July-Sept 1984 0734-211 X/84/030443-04^1.00 


© 1984 American Vacuum Society 


449 








450- 


ABen #? s/.: Theory o? iurfsce-Ocfect states 


450 



Fig. I: Deep levels for impurities on the In site Within anJnAsf 110) surface 
layer (solid lines). V, is the impurity potential for s electrons. E, arid £, are 
the conduction and valence band edges.'The curves are labeled according to 
the parity of the defect state with respect to the (MO) plane, which is perpen¬ 
dicular to the 1110J surface plane. The dashed lines give the/t, (s-like) and 7\ 
(p-Iike) levels for the In site in bulk InAs. 


solute energy levels Themselves. For this reason, it. is espe-. 
daily well suited for treating small band-gap semiconduc¬ 
tors, because a knowledge of the trends can compensate for a 
significant theoretical uncertainty on the scale of the band 

gap- 

The predicted surface (solid line) and bulk (dashed line) 
deep levels for defects at the As site in InAs are given in Fig. 
1. The surface or bulk deep levels of a specific impurity are 
obtained (roughly 21 ) by dropping a vertical line from that 
impurity (at the top of the graph) and determining its inter¬ 
sections with the solid or dashed theoretical curves. For ex¬ 
ample, Zn on the As site in InAs is predicted to produce a 
bulk level roughly 0.2 eV above the valence band maximum 
andasurface -f parity level at roughly 0.4 eV (just below the 
conduction band minimum). The vacancy levels are the lim¬ 
its as of these curves. 13 


Ai S TJ 



Fig. 2. Deep levels for she As 
site at the InAs(llO) surface 
(solid lines) and in bulk InAs 
(dashed lines). 


The electronic occupancy of a level is determined by not¬ 
ing its origin for V, = 0 and the valence difference between 
the impurity and the host atom. For example, neutral Zn has 
three fewer electrons than As, or three more holes. For sur¬ 
face Zn, two of these holes go into the uppermost + level, 
which (with V, increasing from zero) emergesfrom the va¬ 
lence band, crosses the gap, and passes into the conduction 
band. The third hole goes into the second 4- level, which 
(for V t equal to the value appropriate for Zn) lies roughly 0.4 
eV above the valence, band maximum in the fundamental 
gap. Thus, the only deep level in The gap of neutral 
surface-Zri A$ is occupied by one electron and one hole. Ne¬ 
gatively charged'Zn” at the surface would have two elec¬ 
trons in this level. A similar argument for the bulk Zn level 
reveals that the orbitally threefold-degenerate T 2 state lies in 
the gap and is occupied by three electrons and three holes 
when the defect is neutral. 

Similarly, the As vacancy corresponds to F,—os, with 
five holes added; i.e., the As site atom is decoupled from the 
host 15 and its electrons are removed. Thus, three electrons 
and five holes “occupy" all the levels of the vacancy, includ¬ 
ing those that have been pushed imp and are resonant with 
the conduction band. Electrons are unstable in resonant lev¬ 
els, so they spill out and fall to the cond uctio n band.edge.. 
The defect then becomes a shallow donor, with levels bound 
by the long-range Coulomb tail of the potential (omitted 
from the present model). Our calculations thus predict that 
the As vacancy in InAs yields only shallow donor levels in. 
the gap. 

We can estimate the energies and electronic occupancies 
of levels in the gap produced by the various defects of Figs. 1 
and 2 in a similar way. We found above that th surface As 
vacancy produces no deep levels in the gap (deep being de¬ 
fined as bound as a result of the central-cell potential) and. 
instead gives shallow donor states near the conduction band 
edge. Similarly the neutral surface In vacancy produces only 
a deep level occupied by one electron and one hole near the 
conduction band edge, at approximately 21 0.3 eV. The sur¬ 
face antisite defect In Al produces a da"' level in the gap at 
approximately 21 0.05 eV, near the valence band maximum, 
which, for neutral In, is occupied by two electrons. Surface 
and bulk As,„ produce doubly occupied denor states near 
the conduction band edge, that, within the theoretical uncer¬ 
tainty, 5 could be either shallow or deep (at ~0.65 eV, above 
the conduction band edge, for the surface, producing shal¬ 
low donor levels in the gap). 

III. SCHOTTKY BARRIER HEIGHTS 

The energy levels of the native defects are relevant to the 
Schottky barrier problem. According to Bardeen’s theory of 
Fermi-level pinning (in simplified form) the bulk bands bend 
so that the Fermi energies of the surface and the bulk align. 
The band bending forms a Schottky barrier. For ype ip- 
type) InAs, the surface Fermi level is believed to deter¬ 
mined by native defects at th® su/fbee, and lies near the level 
to be occupied by an e> »ra electron (hole). 

For n -JnAs »he Schottky barrier height is approximately 
the energy of rhe conduction band edg,*. relativ to the lowest 
empty surface defect level—the surface Fermi level. Assum- 
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Ftc.-l'Schottky barrier height 6, os function of alloy composition x for Au 
contacts to fl-type Al,Ga.., As, GaAs, _,P (1 In,_ ,Ga,P. and 
In, _,Ga x As. The experimental data are those of S. S. Best; Appl. Phys. 
Lett. 34,552 (1979) for Al, Ga,., As; W. G. Spitzer and C. A. Mead. Phys. 
Rev. A 133,872(1964), and D. A. Neamen and W. W. Grannemann, Solid 
State Electron. 14, 1319 (1971) for GaAs, .^P,; T. F. Kueich and 1. O. 
McCaldin, J. Vac. Sci. Technol. 17, 891 (1980) for In, _ ,Ga,P; and K. 
Kijiyama, Y. Mizushima, and S. Sakata, Appl. Phys. Lett. 23.458 1 1973) for 
-Inis, Ga, As. For this alloy, the data of H.H. - Wieder, 5 AppIrPhys.'Lett.^S," 
170(1981), for metal-insulator-setniconductor structures, are also shown. 

ing only native surface defects (i) In Al , (ii) As, n , (iii) V Ai (As 
vacancy), or (iv) K in , the Fermi level is (i) near the conduction 
band edge, (ii) near the conduction band edge, (iiil hear the 
conduction band edge, or (iv) at ~0.3 eV. If the concentra¬ 
tion of F In at the surface is less than the concentration of As 
vacancies plus half the concentration of As,„, the As, n and 
V M levels compensate the V [n level—so that the surface Fer¬ 
mi level lies at the conduction band edge. Thus, normally, 
the surface Fermi level of n-InAs is nearly at the conduction 
band edge, the Schottky barrier height is approximately 
zero, and the semiconductor/metal contact is, by definition, 
Ohmic. 

For/7-In As, the Schottky barrier height is approximately 
the energy of the surface Fermi level for holes relative to the 
valence band maximum. The surface Fermi level for holes is 
(i) near the valence band maximum (cs0.05 eV), (ii) near the 
conduction band edge, (iii) near the conduction band edge, or 
(iv) near ~0.3 eV (slightly less than the 0.42 eV band gap) for 
In A ,, As In , V A% , or V ln , respectively. Under normal circum¬ 
stances we expect the As.„ and K A , defects to compensate 
V ,„, causing the surface Fermi level to lie nearly at the con¬ 
duction band edge. Hence, p-InAs should have a Schottky 
barrier height of approximately the band gap. 

Mead and Spitzer 2 have reported a Schottky barrier 
height of zero (Ohmic) for n-InAs with Au contacts and a 
barrier height forp-InAs of approximately the band gap—as 
the theory predicts! 

IV. RELATIONSHIP TO SCHOTTKY BARRIER 
HEIGHTS IN OTHER Hl-V MATERIALS 

We believe the defect primarily responsible for Schottky 
barrier formation in In As, is In A ,, but that As In and Vm 
play secondary roles, as discussed above. Evidence support¬ 
ing the importance of the cation-on-anion site antisite defect 
is available from the predicted alloy dependence of Schottky 
barrier heights for Au on n-type semiconductors, shown in 


Fig. 3. (See also Refs. 1 and 2.) The theory rather dramatical¬ 
ly mimics the data and their major and complicated chemi¬ 
cal trends for a wide range of III-V semiconducting alloys. 
(For p-type materials, the predicted alloy dependences are 
less dramatic and quite different—and appear to be fully 
consistent with existing data.) 

Further evidence supporting the role of surface antisite 
defects includes (i| experiments showing that the barrier can 
be “annealed” at a temperature characteristic of antisite de¬ 
fects, :j but not at, the vacancy annealing temperature, 24 and 
(ii) experiments demonstrating that the concentrations of de¬ 
fects responsible for pinning the surface Fermi levels of n- 
GaAs and /7-GaAs are nearly equal 25 (see Ref. 30). 

This is not to say that.any one defect is responsible for 
Fermi-level pinning in all materials. For example, in n- 
InP 26-29 it appears likely 2 that reactive metal contacts pro¬ 
duce P vacancies and make the Schottky barrier height near¬ 
ly zero, whereas nonreactive metals produce primarily 
antisites and Schottky barrier heights of ~0.5 eV. Extrinsic 
impurities, notably S and Sn, are also thought to determine 
the Schottky barrier height of InP under certain conditions. 2 

We speculate that the "cleavage-related defect- in 
GaAs 24,20 involves Ga A , and that the “chemisorption-relat¬ 
ed defect” involves As Cl . 

V. RELATIONSHIP TO SI 

A similar picture, namely, Fermi-level pinning by Si dan¬ 
gling bonds at Si/transition-metal-silicide interfaces, seems 
to explain those Schottky barriers as well. 6,2 ' This work also 
helps to explain why calculations for free surfaces can be 
used to interpret data for semiconductor/metal contacts. In 
reality, the defects responsible for Fermi-level pinning are 
not isolated point defects at an ideal free surface, but instead 
defects adjacent to vacancies, voids, or disordered regions of 
the semiconductor/metal interface, which are effectively 
“encapsulated” by electropositive metal atoms or other 
atoms at the contact. These atoms are out of resonance with 
some of the semiconductor atoms, and function primarily as 
a repulsive potential that pushes the defect state (frequently a 
dangling-bond state) back toward the semiconductor. Since 
they are out of resonance, they act electronically as pseudo¬ 
vacancies, mechanically “sheltering" the Fermi-level pin¬ 
ning defect without greatly affecting it electronically. 20 The 
defect level is “deep-level pinned”'’ by these encapsulants— 
explaining why different contacts produce similar Schottky 
barrier heights. The paradigm for such “sheltering" is an 
interfacial vacancy sheltering a Si dangling bond at a 
Si(Hl)/NiSi : (in) interface, illustrated in Refs, band 31. 

Here it is important to realize that bulk point defects, spe¬ 
cifically bulk antisite defects, cannot exp’ain the Fermi-level 
pinning data for GaAs, suggetions to the contrary 22 not 
withstanding. While, for example, bulk As 0 , appears to 
have a level dose to the level required to explain the n-GaAs 
Schottky barrier, this level cannot pin the Fermi enefgy be¬ 
cause (in contrast to the pinning level of surface As 0 J it is a 
donor—being fuily occupied when the defect is r.eUtral. A 
deep acceptor is required to pin the Fermi level of an n-type 
semiconductor. 22 Moreover, the fact that As 0l in the bulk 
has a certain energy level does not imply that it will have the 
sam? ;eergy level at the surface or at a Ga As/metal inter- 
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face; Surface and interfacial defects generally have more 
deep levels in the fundamentahband gap than the same de¬ 
fects in the bulk, and the energy levels of surface defects 
tvricaily differ from those of bulk defects by ~ 1 eV. 14 This is 
the case because the p-\\V.t TV level of a bulk substitutional 
defect often lies outside of the band gap as a deep resonance 
in the conduction band; the surface or interface destroys the 
tetrahedral point-group symmetry of the defect and splits 
theT; level, often driving one or more of the split sublevels 
into the band gap. 

We therefore conclude that the following zeroth-order 
model provides a.very satisfactory description of Fermi-level 
pinning and Schottky barrier formation for both III—'V; and 
group IV semiconductors: Various native surface defects 
(antisites, vacancies, and dangling bonds), or their complex¬ 
es, pin the Fermi energy at the semiconductor surface. 37 The 
basic picture initiated by Bardeen, 33 and further developed 
and championed by Spicer, 34-36 is thus founu to be funda¬ 
mentally correct. The task of future theories is to work out 
the corrections to this simple picture due.to, for example, 
work-function effects and the details of specific metal/semi¬ 
conductor interfaces. 
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The height of the Schottky barrier formed at transition<metaI/Si interfaces varies over a very small range ( - 0.4 cV) 
considering the wide range of electronic structures possible from one end of the transition-metal senes to the other. 
Furthermore, the barriers are observed to form within a fey. monolayers of metal coverage, suggesting that the barrier is a 
property of the local bonding and that the true metallic states play only a minor role. A model has been developed to explain 
these facts in terms of the Fermi-lesel pinning mechanism of Schottky barrier forman sn.The physics contained in the model is 
that e' a Si dangling bond sheltered from the transilibn-metal-silicide by an interfacial vacancy. Since (i) the dangling-bond is 
sheltered from the metallic-silicide and (ii) the atomic energy-levels of the transition metal are out of resonance wi.h Si. the 
dangling bond (which forms a level in the Si band gap) will-be only weakly, perturbed by the silicide. Thus this interfacial 
dangling bond can pin the Fermi level at nearly the same energy for all the transition-metal-silicides. A tight-binding 
calculation of the electronic structure of this defect auhe NiSi : /Si(lll) interface has been performed for an infinite interface 
using the transfer-matrix technique. The results of this calculation are described in terms of a very simple molecular model. 


It is a remarkable fact that the S.hottkv barrier 
heights for the whole range of Si/silicide inter¬ 
faces varies over a relatively narrow range of about 
0.55-0.87 eV in n-Si [1|. Fora Si bandgap of 1.1 
cV. this places the Fermi-level in the lower part of 
the bandgap between 0.23-0.55 eV above the va¬ 
lence band edge. Here we argue that sue!, barriers 
can be understood in terms ot Fermi-level pinning 
(2) by a small concentration of Si dangling bonds 
that are "sheltered" from the transition metal by 
vacancies at the Si/silicidc interface. This explana¬ 
tion. which differs substantially from previous the¬ 
ories of Si Schottky barrier formation (1.5.4], uni¬ 
fies the understanding ol Si/transition-metal 
Schottky barriers with the generally accepted 
model of Fermi-level pinning by native defects 


[5.6] at (110) interfaces between II!-V semicon¬ 
ductors and metals (7) or other overlayers. A more 
detailed account of our work will be given 
elsewhere (8). 

The following observations place severe con¬ 
straints on any theory of Schottky barrier forma¬ 
tion at Si/silicide interfaces: (1) The oarrier heights 
for the silicides all lie within 0.4 eV of o e another 
for all the different transi.ion metals, stoichiome¬ 
tries. and crystal structures. (2) The barriers are 
observed to fi-rm at low coverages before a com¬ 
plete metallic siiicide is formed, indicating that the 
local atomic bonding at the interface, rather thun 
any collective interface property, determines the 
barrier (1). (3) There are only slight variations of 
the barrier height for different compounds of a 
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given transition metal [9.10] indicating that the 
transition metal itself, rather than stoichiometry, 
crystal structure, etc.; determines the barrier. (4) 
The -barrier heights for n- and p-type Si very 
nearly add up to the Si bandgap...Tiii.Vmeans tfiat 
the pinning level must only be partially occupied, 
so that it may act as both an acceptor and a donor. 

We propose that these observations can be un¬ 
derstood quite naturally in terms of an interfacial 
vacancy which shelters a Si dangling bond from 
the effects of the transition metal. This dangling 
bond has only a weak link with the silicide and is 
only slightly perturbed by the tianstition metal s-. 
p-. and d-orbitals, and hence is insensitive to the 
large variations (on a leV scale) one might expect 
to occur when the transition metal is varied, or 
When the stoichiometry or the crystal structure of 
the silicide is changed. 

To make these ideas specific, we consider a 
particular example of such a defect - the example 
illustrated in fig. 1 for the case of the abrupt 
Si/NiSi : (111) interface. If the vacancy in fig. 1 
were replaced by a Si atom, one would have the 
bonding configuration determined by Cherns et al. 
[11]. For the reactive systems under consideration 
here (transition metals “eating" their way into Si), 
a reasonable concentration of vacancies (- 10 u 
cm" 2 ) appears quite likely. 

Here we consider a very simple model of the 
electronic structure of the defect shown in fig. 1. 
This model is justified only by the results of the 
more complete calculation described elsewhere [8], 
but it reveals the essential physics of the problem. 


> 2 3 

Hi \, Mi 



Fig. 1. An example of an iricrfaeial vacancy sheltering a Si 
dangling bond. Replacing (lie vacancy hv a Si alum gives die 
geometry of the NiSt./Si (111) interface determined by Chert's 
ct al. [11). 


In this simplified mbdc!;.:only four'a:oms are ex¬ 
plicitly considered - those surrounding the 
-vacancy - and only one sp J hybrid orbital per 
atom - which is directed toward the vacancy. We 
first take all four atoms to be Si (tetrahedral 
symmetry) and later change three of these atoms 
into Ni (C w symmetry) to simulate the Si/NiSi, 
interface. 

Taking all four atoms to be Si. we construct the 
A, and T ; states of the bulk Si vacancy: 

|A|(a,)> = i(|$ 0 > )+!<#);) + l<r\i>)' (la) 

fr : (a,)> = (1/VT2)(3 |*o> -!*■> -|$:> 

(lb) 

[T ? .(e)J > Hl/vf )(!<?>, > H*,». -0.c)- 

|T,(e).2> = (l/vft)(!«>,> +!<»,> - 2|<J>,». (Id) 

where the orbital [<#>,) is the hybrid orbital of atom 
/; The energies of the A, and T : levels can be 
described by two parameters c h and t ; here we 
have ( h » (<J>,|//;<>;) is the orbital energy of an sp s 
hybrid, and: -/ ■* for / *j represents 

the interaction between two different hybrid 
orbitals. These two parameters represent effective 
interactions and are obtained by fitting to the bulk 
Si vacancy deep levels. The A, level .is resonant 
with the valence band at £ A| = c A ~3r. while the 
triply degenerate T, level lies in the Si bandgap 
and has an energy £ Tj = c,, + i. We list in table 1 


Table 1 

The calculated A,- and T;-symmeiric energy levels for the 
unrelaxed SI vacancy by several workers: the calculation.' arc 
either pseudopotential (P) or tight-binding (TB): all energies 
are in eV. and the top of the valence band is defined to be the 
eero of energy: the Si bandgap is l.lcV: the two parameters 
and i are simply obtained from the A, and T. energy levels (see 
text): the important parameter < h is the energy of a single 
dangling bond and is found to lie in the lower part of the Si 
bandgap in all cases 


T; pe of calculation 

A. 

T; 

t 


P 

TB 

level 

level 



Ref. [121 


-1.10 

0.70 

0.45 

0.25 

Ref. (131 


-0.60 

o.so 

0.35 

0.45 . 

Ref.|l4| 


-l.lt> 

0.60 

0.42 

0.16 


Ref. (15) 

-0.55 

0.75 

0.33 

0.43 


Ref (16) 

-0.96 

0.51 

0.37 

0.14 
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the A, and T* levejs for three different pseudo¬ 
potential calculations (12-14) and two tight-bind¬ 
ing [15.16] calculations for the unreia.\ed vacancy 
in Si. From these levels the parameters and t 
can he extracted using < ; , = (£ A ,+ '£ r J/4 and 
t = (£ T . - £ Aj )/ 4. Note that which is the en¬ 
ergy of a single Si dangling bond, lies in the lower 
part of.the S! bandgap in all cases. 

We next change three of the atotps surrounding 
the vacancy into Ni atoms. We do this by raising 
the hybrid orbital energies of atoms 1. 2, and 3 
(see fig. 11 from ( h to < h + K where V » 5 eV (8) 
represents the (large) positive difference between a 
Ni and a Si sp ? hybrid orbital. The symmetry is 
now reduced from Tj to C Xv , and the possible 
levels;are of a, (o-like) and e (c-like) symmetry. 
The states of e-symmetry evolve from two of th i 
T ; levels of the bulk Si vacancy (the T ; (e) levels i" 
eqs. (lc)‘and (Id)), but are raised out of the gap 
roughly linearly with the potential V to become 
resonant with the conduction bands. Since the 
e-symmotric levels are not in the cap and are 
metal-atom derived, they play no role in pinning 
the interfacial Fermi level, and we will no longer 
consider them. 

The interesting levels are those of a,-symmetry 
which are admixtures of the |A,(a,)) (eq. (la)).and 
the|f : (a,)) (eq. (lb)) levels of the bulk Si vacancy. 
However, since the Si and Ni hybrid orbitals are 
no longer degenerate, perturbation theory shows 
that the effective interaction between Si and Ni 
hybrid orbitals is reduced from t ( - 0.4 eV) for the 
hulk Si vacancy to t 2 /V 0.03 eV) for the in- 
terfaci.il vacancy. A schematic energy level dia¬ 
gram for a,-symmetric states of the bulk and 
interfacia) vacancies is shown in fig. 2. Note that 
because Ni (or any transition-metal element) and 
Si are "out of resonance", a level is formed in the 
lower part of the Si bandgap which is tied to the Si 
dangling bond energy <„ and is relatively insensi¬ 
tive to the transition metal as long as we have 
l'»i. This simple model leads to the important 
conclusion that for various transition metals, in¬ 
terfacial Fermi-level pinning positions are nearly 
equal to. but slightly below, the "defeat pinning 
energy" of a single Si dangling bond. 

We briefly mention the more rigorous calcula¬ 
tions on w.nch the simple model is based. A 


i 

i 


coneuction _ - _ - i 



But* Si Vacancy Interfccsdl Vccarey 

Fig. 2. Schematic energy level diagram of the a,-symmetric 
levels of (a) the bulk Si vacancy and (b) the interfactal vacancy. 
lfr(a) the Hybrid orbitals ai r, lie ih the loVer'part of the Si 
bandgap but interact strongly through t to produce the A, level 
resonant with the valence band and a T ; level in the upper part 
of the bandgap. In r > the hybrid orbitals of Si and Ni are no 
longer degenerate and their interaction is reduced by t/V, this 
brings £ A( out of the valence band so that it now lies only 
slightly below the Si dangling bond energy t h . (The a^ymmetr 
rie representation refers to the C Jy group appropriate for the 
interfaciaj vacancy. Since C Jv is a subgroup of Tj, the A, arid 
one, of the T : levels of the bulk Si vacancy are also a,*symmet; 
rie.) 


tight-binding calculation was performed for an 
embedded cluster of a vacancy and three Ni atoms 
(including d-orbitals on Ni) in an infinite Si host 
[8] using the Si tight-binding model of ref. (15). 
The Si dahgling-bond-like level is found at 0.4 _ 
The d-orbitals are found tc> play only a minor role. 
Since the J-orbital energies lie well below the 
Fermi level, they tend to push up slightly on the Si 
dangling bond, but with a greatly reduced strength 
because the d-orbital is not a nearest neighbor to 
the dangling bond orbital and hence interacts with 
it either through a small second-neighbor interac¬ 
tion or indirectly via its interactions with the inter¬ 
vening Si atoms surrounding the vacancy. (The 
d-orbitals were taken to interact only with nearest 
neighbors.) More sophisticated calculations for an 
interface between semi-infinite slabs of NiSi, and 
Si have recently been completed (17) using the 
transfer-matrix technique (18). The tight-binding 
bands of NiSi, have been fit to the bulk bands of 
Chabal et al. (19). and the tight-bir.Jing model of 
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Vogl et al. [20] has been used for bulk Si. Here the 
interfacial %-acancv level is found to lie at 0.13 eV. 
Although the two calculations.give slightly differ¬ 
ent results. and the estimates made for the dan¬ 
gling bond energy c h in table 1 differ by - 0.3 eV, 
they all show that the defect “pinning" level lies in 
the lower part of the.Si bandgap. Measurements 
for a Si dangling bond quite similar to the one 
described here [21] at the SiO : /Si interface show a 
level at 0.36 eV [22]. As mentioned earlier, the 
interfacial Fermi- level for. the filicides lie ap¬ 
proximately in the range 0:23-0.55 eV. 

Conclusion. The present theory is manifestly 
based on local atomic bonding and a localized 
defect, and is thus compatible with the experimen¬ 
tal findings [1.9.10] that the observed Schottky 
barriers form before the completion of a comp ete 
metallic overlayer. Since in this model'the barriers 
are determined mainly by Si, the barrier is affected 
to a lesser degree by the nature of the transition 
metal atom, stoichiometry, or crystal structure of 
the silicide. Furthermore, since the dangling bond 
is occupied by a single electron, it can act either as 
a donor or an acceptor - this leads to very nearly 
the same pinning position for both n- and p-Si. in 
agreement with the measurements. This is to be 
contrasted with Schottky barrier formation on 
III-V semiconductors, such as GaAs. where previ¬ 
ous theoretical studies indicate that pinning is 
often due to surface antisite defect levels [6] which 
lead to different Fermi-level pinning positions for 
n- and p-type semi .inductors. 

O.F.S. wishes to thank the Arizona State Fa¬ 
culty Grants in Aid program for their support. Wc 
are grateful to the US Army Research Office 
(ARO-DAAG29-S3- K-0122) and to the US Office 
of Nava' Research (N00U14-S2-K-O447 and 
N00014-7"'-C-0537) for supporting this research. 
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The effects of diagonal Anderson disorder and of fir.a.-state interactions on x-ra>-emission and photoe¬ 
mission spectra are evaluated in a change of mean-field model, the disorder produces distincrsideband 
features on the x-ray photoemission spectra, but primarily broadens the emission spectra. 


I. INTRODUCTION 

In ah effort to assess the combined effects of disorder and 
many-electron processes on x-ray emission and photoemis¬ 
sion spectra, we have numerically computed ensemble- 
averaged spectra for a one-dimensional Anderson model 1 of 
a conduction band in a metal. In this tight-binding model, a 
single energy Level a* (having..a. random value between. 
-D/2 and D/2) is associated with each site n, and there is 
a constant nearest-neighbor coupling /3 between adjacent 
sites. The effect of the core hole on the conduction elec-; 
trons is simulated by a final-state (initial-state) interaction V. 
localized at the site of the core hole for phe ..remission 
(emission). There are a finite number of sites, ai.d the 
many-body states included in the calculation are the low- 
energy particle-hole pair states created by the sudden 
switching on or off of V. The model is identical to one em¬ 
ployed earlier for a discussion of absorption spectra 2 and is 
a change of mean-fie'd model. 

We find that the emission spectra, like the absorption 
spectra, 2 are primarily broadened inhomogeneousiy by the 
disorder, but that distinct spectral features arise in the x-ray 
photoemission spectra (XPS) associated with specific en¬ 
vironments of the core hole. 


II. MODEL 

For x-ray photoemission. the initial-state many-electron 
Hamiltonian is 

H,~ £A, . 

/-i 

where hi is the Anderson one-body Hamiltonian: 
h «* 2 a *l rt I + /3|fl )(n + l! + /?|« -5- 1)(«| . 

n 

Here, /? is .a constant and a„ is randomly distributed 
between - D/2 and D/2. The final-state many-electron 
Hamiltonian is 
,v 

Hr m 2 A/ . 

1-1 

where h! is identical to A/, except for the tight-binding ma¬ 
trix element at the site of the core hole—which has an addi¬ 


tional electron-hole interaction term V < 0. The.initial state 
|/) is a.Slater determinant of the N lowest-energy single¬ 
particle orbital eigenfunctions |<£) of A, and the various final 
states |£v) are.determinants of N eigenfunctions Id) of A'. 
The;x-ray photoemission spectrum for photoelectrons of en¬ 
ergy E is 

/(£)*• j|(/|£v) j 2 S(£ + £>„-£/ -Kto-tnt'} ... 

where Ef , and £; are the final- and initial-state energies of 
the conduction electron gas and the core-hole energy- 
reiatiVe to the center of the conduction band. 

Similarly, the emission spectrum for photons of energy £ 
is 

«(£):-2l(£v|A/|/>| 2 6(£-£, + £ f ,) • 

¥ 

where A/ is the dipole operator. Here, we have the initial, 
state |7> being.a determinant of ;V + 1 |d)'s, and the vari¬ 
ous final states |£»-) corresponding to configurations 
described by determinants of N |d)’s a.id one core orbital: 

di(R) dj(R) ’ ‘ 1 d/v + i(R) 

(dv.ildi) 

(£»>iA/|/) - A/ 0 (<A > .j|iA|) . . 

(d,..vldi) • • • (d, - .vk ,| ,v +;) 

Here, (old) is a scalar product, R the core-hole site, and 
we have assumed that the core radius is negligible, 3 so that 
Afo is a constant. 

We have the sum -les 3 

f" *(£)</£ «A/o 2 £|d,(R)| 2 . 

J-m 7 

where the sum is over occupied orbitals of the initial state, 
and 4 

P KE)dE - I . 

%/ — OG 

The line shapes we display are ensemble averages (denot¬ 
ed by (( ))) over all core-hole sites (typically 1000 such 
sites); for example, 

X(£) = (( SI(£.'|AJ|/>l 2 A/ 0 - 2 5(£-£, + £f,))) . 
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III. RESULTS 

Here, we display spectra for V =- 1, and with 0 - - -y. 
The amount of disorder is specified by the parameter.!) (re: 
call that the on-site energies a, range from — D/2 to 
+ D/2>. The calculations have been executed repeatedly 
for a single spimchannel 4 and for finite lattices with 40 sites 
and 20 electrons, (a half-filled band), the core hole has 
been confined-to one of the 10 innermost sites. We have 
broadened the calculated spectra by convolving them with a 
Gaussian, 5 for ease of presentation. Ensemble averages of 
the spectra over typically =*'10 core-hole sites for each'of 
== 100 different Anderson lattices have been performed. 

The peaked bottom portion of the emission spectrum 
(Fig. 1) for £> — 0 is a band-structure effect and corresponds 
to the band-minimum van Hove singularity 6 with its 
(£-£o) -l/: behavior above the band bottom. The high- 
energy peak occurs at the Fermi energy and is a? x-ray edge 
singularity 7 —a multielectron recoil effect. With increasing 
disorder D, the van Hove singularity is broadened, blurred, 
and cut off, and the edge singularity.is weakened (as in the 
case of the absorption spectra 7 ). Basically, increasing disor^ 
der makes the spectrum smooth, brpad, and relatively 
featureless. 

The XPS spectrum for D -0 has two peaks: a large one 
for..recoil-involvingr.configurationswith'an^ electron-in : the 
bound-exciton state of the electron-hole interaction and a 
smaller one for configurations involving only band states 
(Fig. 2). (The separation of these peaks is approximately 
the energy of the Fermi level relative to the bound-exciton 
level.) Small disorder blurs this spectrum, until in the 
large-disorder limit (see Fig. 2 for Z)-5) the site of the 
core hole is completely decoupled from other site:.. In this 
limit there are three types of transitions (Fig. 3). (i) 2!cro- 
recoil transitions that occur if the Anderson level on the 
core-hole site lies above the Fermi energy by more than 
I V. |. In this case, the electron gas cannot recoil because the 
site is-isolated and the electron-hole.interaction cannot pull 
the empty Anderson level below the Fermi energy. Hence, 
the XPS spectrum in this limit produces a peak at 
£—Aa> —« co(e —0. (ii) I'-recoil transitions in which single¬ 
particle Anderson states on the core-hole are initially occu¬ 
pied and move down in energy by |K|, the strength of the 



FIG. 1. X-ray emission spectra X as a function of the emitted x- 
ray energy E for vatious disorder parameters D. The solid line is 
for D- 0, the dashed line for 0-0.2, the dotted line for D-l, 
and the chained line for L - 5. 



FIG 2. X^ray phbtoemission spertra (XPS) as a function of the 
emitied electron energy E for various disorder parameters, as in 
Fig. I. 


electron-hole interne;, n. This produces a peak at E-tUu 
~ «cor< == I *”!. (iii) Intermediate transitions, corresponding 
to an empty level above the Fermi level, but within | V\ of 
it, being palled down below the Fermi level by the 
electron-hou- interaction. These transitions produce recoil 
of the electron gas al energy a - |I / |, where_a.is/the.diago-. 
halrAndeTsor: energy on the core-hole site. 

The larger (smaller) peak-for D - 1 ir Fig..2 corresponds 
to configurations with an electron (nc electron) occupying 
the core-hole-site one-electron level that lies below the Fer¬ 
mi level in the final state. Perhaps the most interesting case 
is the highly localized limit (£>--«), in which case the 
XPS spectrum provides information giving (i) the strength 
I f'| of the electron-hole interaction (which is the splitting 
between peaks), and an estimate of the number of states in¬ 
itially below and above the Fermi energy (the areas in the 
peaks at £-Kw + ««>«- v and£u> + e cote , respectively). 

Thus, we conclude that XPS spectra may/be more sensi¬ 
tive to Anderson disorder than either absorption or emis¬ 
sion spectra. Ordinary diagonal Anderson disorder corre¬ 
sponds to randomness in the on-site rna.rix elements a„, 
and is not a realistic representation of the disorder occurring 
in amorphous metals. (Such disorder is better represented 
by randomness in 0.) Perhaps the best physical realization- 
of an Anderson alloy is a multicomponent crystalline alloy, 
with the number of components sufficiently large that a 
broad distribution of values fo. u, is achieved. We hope 
ti.at the present work will stimulatestudies of such alloys. 

T he results of the present initial investigation are suffi- 

D/2-E mox 


Zero-recoil 



FIG. 3. Energy-level digram for the condi on band, indicating 
the three regions: zero recoil, I' recoil, and intermediate appropri¬ 
ate to the large-disorder limit, D — «. £ min and £ mll are the band 
extrema and Cf ctm is the Fermi energy for the half-filled band, t * 
the electron-hole interaction. 




BRIEF REPORTS 


20 

ciehtly interesting that the authors have undertaken calcula¬ 
tions ofthe combined effects of multielectron recoil and (i) 
off-diagonal Anderson disorder, and (ii) binary and ternary 
crystalline =ailoy disorder. The conclusions of those studies 
will be reported soon. 
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Abstract—-The combined effects of off-diagonal disorder and electron-hole pair production (the X-ray 
edge effect) are studied for a one-dimensional Anderspn model of a liquid metal with a half-full band. 


I. INTRODUCTION 

In this paper we report model calculations of the X- 
ray absorption, emission, and photoemission spectra 
of a simple model for liquid metals. The model treats 
the many-body aspects of the X-ray transitions in a 
change-of-mean-field approximation [1, 2], while 
simulating the disorder of the liquid by a one¬ 
dimensional Anderson Hamiltonian with off-diagonal 
disorder [3], We are interested in understanding the 
combined effects of m:»!ti-electron recoil and disorder 
on the spectra. A previous study [4], which considered 
only diagonal disorder, found dramatic effects on the 
X-ray iineshapes. However, this finding appears to 
be at odds with the experimental fact that X-ray 
spectra of metals change very little when the metals 
melt (5). While diagonal disorder is more commonly 
treated theoretically, it is realized physically only in 
alloys made of many different types of atoms. The 
disorder found in a liquid metal is best simulated by 
an off-diagonal-disordered tight-binding model; the 
diagonal elements of the Hamiltonian are all the 
same (because the atoms ere the same) but the off- 
diagonal matrix elements vary—because the bend- 
lengths vary [6], 

2. THEORY 

Here we consider the case of X-ray photoemission 
spectra (XPS). The treatment of absorption (4j and 
emission (7] is similar. The XPS lineshape is 

HE) - 2 l<f|FV>l 2 6(£ -ho,- + E h , - Ei) (1) 


where ho, is the energy of the exciting photon, 
is the core energy level, and the sum is over all final 
states \Fv) of the A'-electron Fermi sea. In the initial 
state i/), the Fermi sea is quiescent and described by 
the tight-binding Hamiltonian 

H, - 2 h, (2) 


where h is the Anderson single-particle Hamiltonian 

a -s’ MJ+ 001 +1 jyu+ II] (3) 

;*i 

and IJ) is a localized single-particle state on the Jth 
site. The {#,} are random numbers uniformly dis¬ 
tributed in the interval [-A, -B]\ M is the number 
of lattice sites in the system. 

The final-state Hamiltonian is 

Hy-2(hi + v,) (4) 

l-l 

where v is the electron-hole interaction potential 
suddenly impressed upon the electron gv by the 
removal (to pseudo-infinite energy) of a core electron. 
We assume that v is localized at the Jth site 

v - m/i. (5) 

The initial- and final-state Hamiltonians are both 
sums of one-electron Hamiltonians, and so the wave- 
functions |f) and |£p) are Slater determinants of the 
single-particle eigenstates 1$) and It) of h and h + v, 
respectively. The initial-state energy of the electron 
gas is 

A’ 

El * 2 *, (6) 

/•i 

where the sum is over the /V single-particle spin- 
orbitals j occupied in the initial state, and we have 

h\<1>,) - «>,). (7) 

The final-state energies are 

A* 

Ey. =* 2 t.j (Si 

J-l 
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Fig. I. The X-ray photoemission spectra as a function of 
the photoelectron's energy £. The solid line represents the 
calculated spectrum for 3 * -1/2. a constant The range of 
3 is (-1/4, -3/4] for the dashed line and (0. -I] for the 
dotted line. The photon energy is Aw and the core elktron 
energy is w The deeirovhole interaction strength is 

r--l. 


where we have 

(h + v)l^,. ; ) ■ t',Ji,.,) (9) 

and the vth final state is the configuration {v, 1; », 
2* • v, N). Spin can be neglected, because the 
recoil profiles HE) for each spin channel are indepen¬ 
dent and produce the total recoil profile when con¬ 
volved with one another (1). The matrix element 
</|PV> is 


</|FV) - 


WlWv.l) (®il^,.:) • • • • toil&jv) I 
($j|&.i) (®:l^o) * *' * ) i 


(d>.\|i/Vi) * * •(♦.vlltaf) 


• ( 10 ) 


The calculations of 1(E) proceed as follows: (i) using 
a random number generator, the set {/3i • * * 0 * 1 - 1 } 
and the Hamiltonian h (eqn (3» are generated for M 
- 40 sites; (ii) the eigenvalues « and eigenvectors Id) 
are obtained by direct diagonalization of /r, (iii) the 
core hole site / is specified and h + v is diagonalized, 
generating eigenvalues«' and states Id): (iv) various 
configurations {r, 1 ;», 2:...; v. A’} 0 :.' electrons 
are generated for the various final states, starting with 
the perturbed ground state 'i t. the ground state of 
the electron gas in the presence of the hole or v) and 
its low-lying excitations: (O the excitation energies 
£>■, - Ei and matrix elements (I\Fv) are calculated 
explicitly: (vi> the XPS spectrum 1(E) is then evaluated 
(for a finite v «:em of electrons, it is a series of delta 
functions) ui.u broadened to appear continuoust; 
(vii) this procedure is repeated for higher energy final 
states until the sum rule 

£ 1(E) d£ ■ I (II) 

is adequately exhausted: (viii) this procedure is re¬ 
peated for new core hole sites / (restricted to one of 

+ The broadening funettor is (2sT ; r l/: exp(-.v'/2r ! ). 
with T « 0 . 08 . 


Fig. 2. The absorption lineshape as a function of the 
absorbed X-ray's energy £. The solid line is for 3 fixed at 
-1/2. The range of 3 is (-3/4. -1/4] for the dashed line 
and (-1. 0] for the dotted line. Note the X-ray edge 

singularity (for 3 ■ -1/2) at the left of the spectrum. 

the ten central sites of the lattice) and an average of 
1(E) is performed; and (ix) the entire procedure is 
repeated for new random lattices {jS ( • • •0* l .. i } and 
an ensemble average of 1(E) is taken. Con\ ergence 
studies have shown that adequate convergence to 
identify all the major physical features of the spectra 
occurs for N a 20 electrons. M st 40 lattice sites, 
and slOO choices of {0r • *0u-\) [4]. A similar 
scheme is used for calculating absorption and emission 
spectral lineshapes x(£). 

3. RESULTS 

Our calculated results for the XPS. absorption, 
and emission lineshapes are shown in Figs. 1-3. 
respectively. Taking units such that the electron-hol 
interaction is V ■ -1, we consider, for each type of 
spectrum, three cases: (i)0 « -1/2. which corresponds 
to an ordered one-dimensional lattice; (ii) 0 randomly 
distributed from -1/4 to -3/4 (moderate disorder), 
and (iii) 0 distributed in the interval [-1. 0). This 
last case corresponds to extreme disorder, in that 0 
■ 0 corresponds to a completely broken bond— 
which, in one-dimension, completely disrupts the 
electronic wavefunction. 

In studying the X-ray spectra, one should keep in 
mind the corresponding densities of one-electron 



-1.5 0.0 

( E ♦ € cort )/2 |/3| 

Fig. 3. The emission lineshape \(£) as . function of the 
emitted X-ray's energy E. The solid line is for 3 fixed at 
-1/2. The range of 3 is (—3/4. —1/4] for the dashed line 
and (-1. 0) for the dotted line. 
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Fig. 4. Broadenedt one-electron densities of states D(i) vs 
energy « for » -1/2 (solid) and for the off-diagonally 
disordered. 10.000-atom, one-dimensional Anderson mode! 
with modest disorder /3«t—3/4. -1/4) (dashed) and extreme 
disorder 3<f-l, 0) (dotted). Any asymmetry with respect to 
« ■ 0 is associated with numerical noise. Note the appearance 
of a peak at e ■ 0. associated with delocalized states, for 
extreme disorder: all other states are localized. 

states. Fig. 4, which exhibit first an amputation of 
the van Hove singularities [8] for moderate disorder 
(0«[—3/4, -1/4]). followed by a general flattening 
and the appearance (for 0<[-t, 0]) of a peak at < - 0 
corresponding to delocalized states at the band center. 
These delocalized states are important, especially in 
X-ray absorption and emission spectra, because they 
overlap the core-hole site, whereas most of the other 
states do not. To be sure, the overlap of a delocalized 
state with a core hole is not so large as that for a 
state localized on or near the core-hole site, but once 
thorough localization has set in for « f* 0. the localized 
states significantly overlap only nearby sites—and 
much of the interesting physics involves only the 
core-hole site, its immediate neighbors, and the de¬ 
localized states. 

The XPS spectrum is asymmetric [9] and blurred 
by disorder, which broadens the distribution of ener¬ 
gies at which the electron gas can recoil in response 
to the shock associated with the sudden creation of 
the core hole. For zero disorder, the XPS spectrum 
exhibits two peaks: a large one corresponding to low- 
energy excitations of the conduction-electron Fermi 
sea in which the bound state due to the electron-hole 
interaction remains full, and a small one correspond* 
ii.g to an excited Fermi sea with no electron in the 
bound-state orbital. 

With n. -derate disorder. £<[-1/4. -3/4). the XPS 
spectrum is blurred. For extreme disorder. £»[-1. 0], 
localization is apparent for all states except tln-.se at 
the Fermi energy. (See the density of states, which 
features a peak at the Fermi energy < ■ 0 associated 
with these states. Fig. 4.) In the iocalized limit, a 
recoilless peak appears in the XPS spectrum, at £ 
■ ft- + tco*. where is the energy of the core 
electron. Perhaps such a peak can be detected u, 
heavily disordeied metals. 

The absorption spectrum for zero disorder. $ 
* -1/2. has an X-ray edge singularity [10] at the 
low-energy threshold and cuts off somewhat at high 
energy, due to the conduction-band maximum. This 
general lineshape persists even for quite considerable 


disorder. /3t[—1/4. -3/4]. until for very large disorder. 
/?«[0. -I]. structures associated with states localized 
in the disorder appear. (See Fig. 2.) 

The emission spectrum for zero disorder. £ 
* -1/2, has two characteristic peaks, one at low 
energy associated with the van Hove singularity in 
the band structure [8] and a second one corresponding 
to a divergent X-ray edge singularity [10, 11] at the 
Fermi surface (Fig. 3). The densities of states are 
given, for reference, in Fig. 4. Recall that the con¬ 
duction band is half-full of electrons. 

With increasing disorder £<[--3/4. -1 /-] the van 
Hove singularin •' •> the emission spectrum is blurred, 
but the edge sin b . ntv remains. However, at ex¬ 
tremely strong disoro .'-.e states not at the band 
center become localizes •• the density of states. 
Fig. 4) and the emission spec,, um has a major peak 
associated with the delocalized Fcrmi-surface electrons 
(whose wavefunctions overlap the core hole signifi¬ 
cantly) plus additional structure associated with lo¬ 
calization. 

In summary, off-diagonal disorder does lead to 
localization of the one-electron states and to alteration 
of the X-ray spectra from those expected for ordered 
metals. In particular, both one-electron features (such 
as van Hove singularities) and many-electron features 
(such as the X-ray edge singularity) are affected. 
However, the disorder effects are modest even for 
considerable disorder. £<[-3/4. -1/4], and do not 
lead to major new features until the disorder is so 
great. £<[-1. 0], that bonds are rather effectively and 
irreversibly broken. 

Thus we believe that these calculations, although 
executed for a simplified one-dimensional Anderson 
model of off-diagonal disorder, provide a modicum 
of theoretical justification for the fact that X-ray 
spectra of liquid metals are often similar to those of 
crystals. At the same time the calculations suggest 
that XPS experiments should search for the recoilless 
peak fourd in the theory, for the limit of high 
localization. 

Acknowledgments—We are grateful to the U.S. Office of 
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Electronic states of the (100) (2x1) reconstructed Ge surface 
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We present calculations of the surface electronic state dispersion curves E [k ) of the (100) (2 X1) 
reconstructed surface of Ge, and compare them with recent angle-resolved photoelectron 
measurements by Nelson et at. We assumed Chadi’s asymmetric dimer model of the surface 
reconstruction and performed our calculations using the analytic Green’s function technique, 
with an empirical tight-binding Hamiltonian. 

PACS numbers: 73.20.Cw, 79.60.Eq 


Recently, some success was achieved in characterizing the 
geometry of the (2X1) reconstructed (100) surface of silicon: 
Using an energy minimization technique Chadi 1 determined 
that an asymmetric dimer, Fig. I, was the most energetically 
favorable model of the surface geometry, and predicted its 
surface state dispersion relations E (k ). However, Himpsel et 
al. 3 and Uhrberg et at. 3 produced angle-resolved photoemis¬ 
sion spectra in disagreement with these first predictions of 
Chadi, 1 which had been made assuming the asymmetric 
dimer geometry and using a simple sp 3 tight-binding model 
of the surface electronic structure. For a while it was be¬ 
lieved that the asymmetric dimer model is not realized phy¬ 
sically. However, Bowen et al,,* using the sp 3 s* model of 
Vogl et al., 3 and Mazur et al., 6 using a multineighbor tight- 
binding model, subsequently demonstrated that the asym¬ 
metric dimer (2x1) reconstruction is compatible with the 
photoemission data, and attributed the original failure of the 
theory to the oversimplified sp 3 model of the electronic 
structure rather than to any deficiency in the asymmetric 
dimer geometry itself. 

Recently, Nelson et al. 1 used angle-resolved photoemis¬ 
sion to obtain the electronic structure of the (2x1) recon¬ 
structed* (100) surface of germanium. Their analysis of the 
data led them to suggest that the reconstruction of the Ge 
surface is simitar to that of Si, i.e., an asymmetric dimer. 
There are, however, no calculations of the surface state dis¬ 
persion relations E (A) for Ge comparable with those for Si. 
Thus, we have extended the theory of surface states to Ge, 
assuming the same asymmetric dimer reconstruction at for 
Si. 

We used the sp 3 s* tight-binding Hamiltonian of Vogl. s 
The surface states were found by diagonalizing an effective 
Hamiltonian which was obtained by using the analytic 
Green’s function technique 9 and an evanescent wave meth¬ 
od. 10 We created a surface by orbital removal, 11 and ac¬ 
counted for the effects on the Hamiltonian of the reconstruc¬ 
tion-related bond-length changes by rescaling the 
nearest-neighbor interatomic matrix elements accoiding to 
the d law, 12,13 where d is the bond length. 

In comparing with the experimental results, u is neces: ..rv 
to realize that the Ge( 100) (2 X 1) surface consists of domains 
of reconstru. ’ion in which the rectangular unit cells are ori¬ 
ented perpendicular to each other 7 (see Fig. 2). Therefore, 
there is some ambiguity in determining the surface wave vec¬ 
tor for each experimentally determined state. Himpsel et ulr 


circumvented this problem when investigating Si by routing 
their cample in a plane in which the two domains were de¬ 
generate, thereby avoiding any ambiguity. Nelson et a!. 1 also 
rotated their sample, but in such a way that the resulting 
spectra do not correspond to a unique determination of the 
Brillcuin zone. 

Our results are displayed in Fig 1 3, and are labeled “A" 
through ”F’ for the path T toJ te T in one surface Brillouin 
zone (Fig. 2) and “1" through “f ' for the path T lo/'in the 
other Brillouin zone. The predicted surface states, as dis¬ 
played, are shifted down in energy by 0.5 eV (a typical theo¬ 
retical uncertainty) from their calculated v?'ues: Studies of 
Si indicate 14 that the Vogl tight-binding Hamiltonian pro¬ 
duces surface states of this group-I V semiconductor too high 
by cs0.5 eV, but otherwise provides a good semiquantitative 
description of the surface-state bands £ [k ). (It is possible that 
a more sophisticated 15 theory could reduc' this 0.5 eV un¬ 
certainty somewhat.) 

The Ge data of Nelson et al. 1 are also g: .cr. in Fig. 3. As 



[bo] [no] 


Fio. 1. The 12 X t) asymmetric dimer reconstruction of Si proposed by 
Chadi iRef. II. In treating Ge, we have rescaled all lengths in proportion to 
2.45A 'l.y A, the ratio of Ge to Si bond lengths. The arrows indicate the 
relaxati n of the s'irface layer atoms from their ideal bulk positions to their 
reconstructed positions. The plane of the figure is perpendicular to the sur¬ 
face. UP I and DOWN I are surface atoms. UP I being displaced away from 
bulk and DOWN 1 toward the hUP 2 and DOWN 2 are subsurface 
atoms bonded to L'P 1 and P 'WN I, respectively, and are assumed to be in 
their bulk positions. For Si they are 1.92 k, above the plane of the paper. If 
one were to build a ball and stick model of tnis Si surf., e these sites would he 
repeated every 3.84 A in a direction perpendicular to me plane of the paper. 
In the (110] direction the surface layer atoms alternate between UP and 
i A I, thus only half the surface unit cell is shown here. 
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r(D 


j'(r) 


Fig. 2. The two perpendicular Brillouin zones on the |I00| (2X11 recon¬ 
structed surface, as discussed in Ref. 7. 


can be seen by their relative positions to the projected bulk 
states, all of the photoemission data are resonant with the 
valence band, except perhaps one point at the valence band 
maximum at J. The following features of the data appear to 
be adequately explained by the theory: 16,17 The five high- 
energy points are associated with the resonance labeled F 

eV 



Fio. 3. '.Tie calculated surface sta:- enerjie* E (in eV) vs surface wave vector 
I. (The states *re shifted downward by the theoretical uncertainty, 0.5 eV, 
as discussed in the text.) Weak hybridizations at level crossings are neglect¬ 
ed. The theory for the two perpendicular domains is superimposed for com¬ 
parison with the photoemission d«ta : The T' to J‘ states are shown as 
chained lines and are numbered. The T to? to Estates are shown as solid 
lines and are lettered. The latter set of curves is symmetric about J. The 
isolated points w:'h the error bars are the photoemission data of Nelson tt 
«/. (Ref. 7). The maximum energy of the (unshifted) projected bulk valence 
band Hge is displayed as a dashed line for reference purposes. (All states 
below this line in the figure are resonant with bulk states.) 


(which is degenerate with 6 at f ). The lowest-energy point is 
assigned to 5, O, or E. The ten mid-energy points are asso¬ 
ciated with resonance 6 and perhaps somewhat with E. The 
remaining point, at r, is associated with either F. and 3 or D 
and S (see below). 

We have also determined the eigenvectors and charge den¬ 
sities for each of the resonances. For the most part, in those 
regions of the Brillouin zone for vv J -;h experimental data 
were obtained, the charge distribution is centered primarily 
on the "UP 1” site (see Fig. 1). Resonances F and 6 are pri¬ 
marily UP 1 everywhere in the B .illouin zone. The charge on 
E is mostly on the UP 2 site ar Tbut shifts to the UP 1 site 
after crossing the D resonance. D is largely U? 1 everywhere 
except near its minimum energy where it is mostly "DOWN 
2.” 5 is primarily UP 1 near T and shifts to DOWN 2 about 
one-third of the way across the zone. 3 is mostly UP 2 in 
character throughout the region for which angle resolved 
photoemission spectra were obtained, shifting to predomin¬ 
antly UP land other character below - 1.7 eV. 1,2,4,A,B, 
and C have significant charge on all four sites UP 1, UP 2, 
DOWN 1, and DOWN 2, with the relative impo nance of the 
various sites changing with k. 

These results lead us to suspect that the resonance ob¬ 
served at — 1.3 eV for T is due to the D or 5 resonances 
rather than E or 3, since their charge lies primarily on the 
surface, whereas the charge for E and 3 is on the subsurface 
layer. If this is so, then all the observed data can be associated 
with layer-1 surface resonances such that the charge is con¬ 
centrated on the UP 1 site (which is farthest from the bulk 
and therefore is most easily observed). 

Nelson et al? gave a qualitative interpretation of their 
photoemission data that is similar to ours; however, they 
attributed the two bottom states near f as arising from the 
same resonance, whereas we find each arising from separate 
resonances. Both they and we agree that the pn^tc emission 
data come primarily from two resonances passing through 
the zone, but our work indicates that these resonances are 
from differently oriented domains. Moreover, we predict 
other, perhaps weaker, resonances, as shown in Fig. 3. 

The dispersion in our curves is qualitatively consistent 
with the photoemission data, but the gap near 6, E, and Fat? 
is too small by a factor of 2. Given the simplicity of the 
model, this is adequate but not absolutely conclusive agree¬ 
ment between the theory and the data. However, we plan to 
explore the sensitivity of this gap to the amount of symme¬ 
tric dimer relaxation, in the hope that it can be used, in con¬ 
junction with experiments and total energy’ calculations, to 
determine precisely the surface geometry of the Ge (100) 
(2X1) surface. u 

In conclusion our results lend support to 'hr hypothesis 
that the (2X1) reconstructed (100) surface of germanium has 
the asymmetric dirnei geometry, with relaxation roughly 
comparable with that of Si. 
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1. - Introduction. 

Ill these leetures we outline ti simple httt'general theory oi electronic states 
associated with localized perti rlmtiuiis in semiconductors. The basic problem 
we consider is the • deepdovei problem», namely predicting the point-defect 
energy levels that He near tie* middle ol‘ the band gap of a semiconductor. 
When we began work on this problem, a deep level was defined as a level that 
was not shallow, namely one more than U.l eV front the nearest band edge—a 
level that could not be thermally ionized at room temperature. (That definition 
has since been revised: sec below.) Our own interest in the deep-level problem 
resulted from data of Wolford and Streetmnn for the 3T impurity in GaAs,_,F, 
alloys [1]. This impurity appeared to be shallow in GaP. having a binding 
energy of only ~ li meV, even smaller than the 35 meV effective-mass theory 
binding energy of the shallow donors 8 and fie. However, it became a genuine 
deep level in the alloy for .r 2 s 0.3 and merged into the conduction band ns a 
resonance for x< 0.22 (see fig. 1 (2, 3]). Thus the X impurity level was appar¬ 
ent',v shallow (for .r*l). deep (for .r ~ 0.5) and no level at all (for x< 0.22) 
ns one varied alloy composition x continuously from Gap (.r = 1) to GaAs 
Or =» <0- 

I*J. GaAs,- The alloy host GaAs w P, has a band structure that is 
well described by the victual-crystal approximation [!J and varies continuously 
from the direct-gap haul structure of GaAs (with the conduction baud minimum 
at /*=! (0,0.0) in tin- Hrillouin zone) to the indirect -gap structure of GaP 
(with the conduction band minimum tv-ar the .V-point: (2.v'<t 1 )(l.0)) (sec 
iig. 2). The band gap of GaAs is in the infra-red. Pure GaAs would emit such 
light because 1 he band gap is direct, and the magnitude of the momenttn.i of 
thermalized electron-hoi - pair, ! 7r, — A*.' can bo equal to that of the emitt-d 
photon, 2.t a. which is ex-entially zero on the scale of the Jirillouin zone, in 
contrast. Gal* Inis an indirect-gap bund structure, am 5 so a : lewmalizcd con¬ 
duct ion electron has a significantly difl'ei-iit wave vector from a thermalized 

4I>5 
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Fig. 1. - Illustration of the dependence- of shallow and deep impurity levels ou alloy 
composition x in GaAs,_,r* allow, after ref. [2, 31. The zero of energy is tin* 
valence hand maximum. Tie* direct conduction hand edge is r x and the indirect edge 
is X x . The X and 0 deep levels are denoted by solid lines. The shallow levels of S 
(or So) are denoted by dashed lines. Xotc that the direct-indirect cross-over occurs 
for x ~ 0.45 and that tIre shallow-level binding energy is larger in indirect materia! 
(because the cffv.dve mass is larger). 


hole. Hence puro GnP cannot emir light even though its band gap is in the 
green—a highly visible part of the spectrum. Tito alloy has become, techno¬ 
logically important, because, for a* — 0.4, the band gap li«-s in the visible 
(red), but the band structure is si ill direct—ln-nce this material is employed 
in red light-emitting diodes (LF,Ds\ 


1 2. (W Ml/Ml xile i n,! iii'il Irx y . (), S it ml Sc In fiaAs, — T<» fabricate 
a light-emitting diode tiiat emits ill the yellow or the gre*-n front these alloys, 
one needs a source or sink of erystal momentum. K *^r >^(1. o. 0), so that 

the selection rule /.*, — /.\ zz K "S tl eau he satisfied. InijUirilies ran supply the 
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L !,1,) r f ,00) * l (111) r (too) x 

wave vector k 


Fig. 2. - Electronic energy baud structures J£ik) of GiiAk and Gal* from L tn r to AT 
along the (lnO) (/.«*. F to X) and (111) (i.e. F to L ) dircction .1 a f the Drillo’.iin zone, after 
,M. L. t'otU.N" and T. Iv. lliaa.wTKUSSKi:: I'to/s. ]{ci\. 141. 7SU (1MW). Nine that the band 
gap of GaAs is direct Inn in the infra-red; GaP has an indirect gap from the valence 
band iiiiisiiniiinat F to the conduction band inipiniuni at X in the visible region of 
the sped nun. 


needed momentum, with the impurities most likely to occur on the column V 
site of (tuAs,_ / 1\ being X. 0. S nml tie. Ironically, two of these impurities, 
t> and Se, produce shallow levels in the band gap of GaAs l _ r l’, that lie dose 
to the conduction band edge and follow the edge as the composition varies. 
But two do not. Oxygen lies several tenths of an olcetrouvolt deep in the band 
gap of GaP and its energy level decreases linearly as x decreases—it is a genuine 
deep level by all definitions. The behavior of 2T (with respect to the valence 
bund maximum) is especially interesting: in GaP it is uppttrenllji shallow with a 
It meV binding energy, and. with decreasing alloy composition .c. .ts energy 
level decreases linearly, .similar to the oxygen deep level, becoming a genuine 
deep trap (by the old doiinitiun: mo*v than ».l eV from the conduction band 
edge) for .<• ~ ()..*». At x — ».L*1'. iiowever. the X level goes into the conduction 
band. In other words. X appears to be shallow energetically for .»• = 1, is dec*]) 
for .»• = u.a and is n resonance for .r = » (see fig. 1). Moreover. the X level is 
unattached to the conduction band edge, and d£,'d.r for this love* is character¬ 
istic of a deep trap Mich as 0. These fuels led us to believe that X is. in fuel, 
n deep level whose energy accidentally lies close to the conduction band edge 
in Gal* and becomes resonant in GaAs—and focussed our at tent ion on X us 
the prototypical deep trap [0]. 


2. - The Vngl model of electronic structure. 


The MUimtnlioii for much of what 
empirical 1 iglit•binding’ theory uf eh 
cl al. {i!|. This theory ini' throe di>ti»g. 


we shall discuss in these lectures is an 
•ctionic structure developed by Yuui. 
.iishing feat iiivs: ii it properly represents 





•TlUlN 1). l»oW 


46? 


the. chemistry of the *p J bonding, because it lias a basis which iucluiics him* # 
orbital ami three ji orl : tals at each atomic site (as well as one additional .v 
orbital: .v°). ii) It produces indirect-gup band structures for & and tie I’ with 
a minimum number of basis functions, live per site. (I’ure .vyr'-basis tight- 
binding models do tod; the extra *° orbital product's the indirect band struct lire 
by pushing the indirect conduction band minimum down in energy), iii) The 
parameters of the Hamiltonian exhibit manifest chemical 11 ends that are codified 
in scaling rules: the diagonal matrix elements are related to atomic energies, 
and the oil-diagonal matrix elements are inversely proport ional to <l- t the square 
of the bond length (Harrison’s rule [7]). 

This empirienl Hamiltonian was arrival at by Vocj. and Hj.tur.utsox after 
a great deal of labor and represents nn attempt to simultaneously describe the 
energy bauds of sixteen semicondtu mrs. The Yogi nu del drew nmeli of its 
inspiration from Harrison’s bond orbital model [$]. which was one of the lirst 
successful attempts to develop a simple Hamiltonian for describing chemical 
trends for many semiconductor*—it described valence band structures rather 
accurately. A distinguishing feature of the Yogi model is its ability to reproduce 
general features of the lowest conduction i atids as well. 

The scaling rules for chemical trends in the parameters of the Yogi model 
are very important. Because of them, the Yogi Hamiltonian can be generalized 
to treat inhomogeneous semiconductor—even though the information contained 
in the model’s parameters conies exclusively from the known energy band 
structures of homogeneous semiconductors. For example, if one atom is changed 
(c.g.. one i* in GaP is replaced by a 27 atom), the matrix elements for the changed 
Hamiltonian can be deduced by changing the host matrix elements according 
to the sealing rules. 

The basic philosophy in -.It) space of empirical tight-binding theory is 
similar to the philosophy tor ordinary psemlopotentinl theory Mu ft-spacc): 
remove the distant parts (in il-space) of the Hamiltonian and lump them into 
near-neighbor parameters ihat are determined empirically. 

Tight-binding basis functions hibk) are commoted from (unknown) localized 
quasi-atomie orbitals \nlR t ) 

> 

(1) \nhk) = y-i Y MRj) ex]i \ik-R, -f ik-v t ]. 


where u = s. p w . p y . )>.. or .v® >peeities the basi- orbital. we have 1 = a (animi) 
or h = c (cation), k i* the Block wave vector, R, is an anion site in a zinchjomle 
structure, we have v 4 = 0. and v t is the position nf tin* cation relative to tb<* 
anion. In this lands, the .-.ocular equation reduces to the liiv]u system 

(-’) ( 12 "— f(Av.= u . 
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"iio.re wo have (symbolically) )li<* Bloch stall* 

(») = v |„/,a*)(»/»a-!*;.;. . 

Jit tin* [nhk) rijL r lit-lii)nliiiir basis we Jiavo tin* ]uHamiltonian matrix 
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Horn wo have for k — (2.t/« t )(7.* t , 7.*., 7^) and 5 a L tin* lattice constant 
!h(k) — cos (rr7i,/2) cos (rt/;./2) cos ) — i sin (j?A,/2) sin (.*r7.* 5 /2) sin (.*r7: a /2). 

0\{h) = - cos (.*i/.* t /2) sin (.*r7.* s /2) sin (.t7^/2) - 7 sin (at u '-) (:t7.*./2) cos (.t/.* 5 /2) , 

»«(*) = - sin (.t7.*,'2) cos (rr7;./2) sin (.z7; 3 /2) - / co< (.z7,*,/2) sin (.*t 7.*./2) c*o> (.ti-,.-) 
and 

— — sin (afb,/2) sin (,-t7: ; /2) cos (rt7.* 9 '2) / cos (.t7.*,/2) cos (rckJ’2) sin (rr7:,/2). 

We have 

(sflTi'STIsoi?) a. £(.\\ <i). 

= £(;). <n . 

(acJI:jQTi.^OjR) sss £(.i, r). 

(pcRjfflpcR) = Ety. c). 

«) . 

(■^cR'.m^cR) = £(*■». c). 

•l(xuR H xcR) — 17.,#). 

4()»,oJli£nji,<*/J j = I”(.r. ./•), 

•1 (;>,«/{ 77 /..r/Ct = T>.//). 

4('a<J? 7/ ji,cR) — !*(•'«. i«*). 
i(p,nR IIWR. = l’(.\o. )<«). 

■t lx* ‘tR}U\]>jcR) — !’(#*«. jir) 

ami 

■i(p t (iR[lI'x 0 cR) = r(yir, #°c). 
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'.{Hiii< is tilt*-litisii* 1 iiimiittiiiii.il ?•> lit 1 iiM*ii t)u:«»*i.irlii»iitthei'»rt*»«*iitwork.-, 
Tlif reader shottiii beetuiie familiar' with it bv working 1 lit* following three 
problems. 

Prohinn v, Compute the eliergy baud strueture at kas 0-oi Gal‘. taking 
your zero of energy lit the viilenre iiumi maximum. Compare your result* 
wj... tig. 2 ui fef.[t>]. For Givi’ the Vogl tight-binding matrix elements uro 
Ji(s; «},»•- S.ii24j E(pi ») % 1.125b. k(s. <•)*= - jjJtify, Ztfc cy,-.: 4;.1K-o. 

M Si.-.irit), e.lS5i.n f (*. x)>« •?- 7iJ tnO; TV; •»*) = 2.131 'b 

17(.r. //) =.f»n3GP, F(x<{, i»c)'«'4;277i } , 'V(icipa) ;«* '(J;33 *»<».- V[n n ir.]ie) = 4.0541' 
ami ii(;m t s^e) •*£ 5.0050; (For-other sernirdmlUetprs. sec ref. [0].j 

Problem 2., Coniimte tiic*il)iiml'strtti’t;y ! <* at thoA-ptdnt.A: = ^!a L ){l. 0. 0), 
of thy Brillouim zone. 

Problem 3. Write down tile eiiiiiigo.in the Hamiltonian matrix, IE, in the 
,\)ibR) basis for,a F a t mureplii eiilg 3Mu-Gal’ at ,RM.D. A:ssmijo tlii.it'tiie.libiiil 
length does not change when yrephicesFumlthat the* matrix elements involv*- 
iiijji*.w i ii2»hi..Unftiten'4.(lHH , M#>i*?^^UilllJ!Ws*iK , !ilh‘ i iiireJJtHtt«mf-(iiiitn«tt:neigli» 
bor.?)i Neglect- dislinetjoiis betweeh'the host basis orbitnl$„|ji&,R)-arid tlie eor* 
I’cspondihgiimpurify orbitals (in subsequent work, we shall iiotuiilly be using 
tiio impurity orbitals at the impurity site); Show that the matrix is 4 x 4 r. mi 
diagonal. Suppose further that tliodiagonal matrix.elementsT-.ai.nl T, q£ AJET 
are given by the Togj-Hjalniarson sealing rules [C]: 

(tit) F, «,ii.3(wf*. X) - #»(*,;$?) 

•ami 

(Ch) F,. * tb0(ir(2). S 1 ) - F)), 

where the atoinie.orbjtal.ontwgies^r for S’ ami 1! are [<:ljr(x;.Ffa= — :g?>;7iSd, 
.vrQiiXy-m — :i5i-l33Si ic(x. !*).=■’-r iS.tM2*' ami. inljt. P) = — i0.0544. Finally, 
itsiiig xvf. [0], tU'rermiiie the iniinevieal.vaiiies tif'the delVet sfuitrntkilS F, ant! 
-F> for0; S. Se aiitVTe atiil l'tir. andF. Ifyouhave wiu’ketiipfohiem 3,. 

you have, set upthe liahn’lttinian ftir obtainiiig the <iee]i levels of 27 in GiilV 

3. - The ijjulniaraoh <lul, theory of deep impurity levels. 

3’1. Qiiiililiilti'f n iiinrha. -•jn tin* hi it* l!>5ll : s linti.v a ml enjiahnrators tie. 
vehijled the efieetiu'-iiwss theory of shallow inijairitie.» in sfiiiiytniilUfttirs |!'T. 
Affording to this theory. :>n .impurity siteii as S,suli.st;>ituig,:'iir As in GaAs 
pcotiaees a tbuior elefi rt.tr that orbits the extra iiurh*ar ehtuge «•!' S (relative 








loc.u.iziu> ri;i:Tn:ii«vi mv.« is .<kjm'o.vi»tvroi:«- 


to A.-) in a large hydfogcnic.orbit. t he envelope wave fuhriion for which satisfies 
a Schrodiugei. equal ion 

(t) [(- Wi,„p) J - (Zr*jer)) V = (E - E t l */•, 


where «t° is the conduction hand effective inass. Z \s the excess valence of tin* 
impurity: atom with respect to the host atom it replaces (unity for S oil an 
As- 'iu* tin GnAs), s is the GaAS static dielectric constant, and is the 
energy o£ the conduction band edge (at /; = 0 in GuAs). This effective-mass 
state has.a total wave function that is primarily a product of this envelope 
.function and the periodic part- of a Bloch- function evaluated; at the wave 
vector of the conduction band minimum [9.10]: it is made up primarily 
from one .band (theGaAs conduction band, in this ease). The effective-mass 
state i> hydrogenic and virtually 100% ,^iostlike. The impurity level is 
«attached»to the conduction band edge with a sniail binding energy of order 
10 uieV (13.C eV(»h*/'mi)*/«i whore >«„ is the free-electron mass) and fol¬ 
lows the edge when the edge moves:as a result of externally applied pressure 
dr alloying (<•.-//., alloying GuAs with Gap). The shallow levels control tlie 
electrical properties of tlie .semiconductor, and, although the impurity potential 
in the central cell often deviates greatly (a few eV) front the Coulombie value, 
f rZ&ier, only tlie long-fanged Coulombie potential seems to have a significant 
effect on tlie shallow states. (Tin's should be bothersome, because central-cell 
potentials of order 1 eV must produce some effect on that scale.) Moreover, 
the shallow states .-are localized in /.••space but delocalized in foal space. 

Tlie effective-mass theory accounts for many of the data for impurity levels 
in the band gaps of semiconductors: however, it does not account for many 
fact.', including the following:, i) some isoeleetronic impurities, such as y 
replacingP in Gal’, produce levels in.the gap despite the «'t that their valence 
differences Z are zero, ami ii) some levels in the gap lie far (more than 0.1 eV) 
from a lrud edge and are «deep levels*. Early attempts to explain these 
facts attempted to modify the effective-mass theory to produce larger binding 
energies, 

A central point of the Hjalnnirson theory [ll.lil] is that ever;/ hcterovalent 
subsritinional impurity produces hath *deep levels* and shallow level.-, and 
that the rnlcej) leech» do not neeessariUj lie in the fundamental hand gup, hut 
inai/ he remnant teifh the host hands. The deep and shallow states are two quali¬ 
tatively different types of impurity stales that coexist, bat are rarely observed 
siliillltani'oiisly. Deep levels are controlled l»y the central-cell ]iofelitial. have 
functions that are linear eomliitiations of wave functions from many 
(fo) host band', are often aiitibottdiug in character atni are largely hostlike. 

I lie deep-level energies are often unattached to nearby baud edges and do not 
follow them when they move as a result of pressure or alloying. ])ecp impurity 
states are localized ill real space and delocalized in A'-.space. The apparent 
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« bjhding; energy * rif;« deeplevelrelative J o it. nearby -.li:*i:il edgeisoften large 
Its of-cY)-iiunugnitudieMml-can.-.lit'-negative. When a.decii'jev«d:f:iilsdn-niu 
fiintlaiacntaiiialHlijriij*. it Cam trap'cxeitons orfiistr^v carriers.oftoiKejihaiieing 
tlio tiorn'ii/liativo iccomliinatioii of floft roiisanillibles. Tints;Vl.vjt.lovois it-ijrt 
opt ieul propertids of scniicof duct<J 1 S even at «•<»!«im‘Ji trit 1 i«tns as 

low its 10 1$ /cin 3 . 

In these lectures, weUimit ourselves to levels associated with .*p 5 -boiidcd 
su1)stitntit>hitlinipuritk*Si :(T , r.«r?tlisehssit>iis of iiitcrstjlinl j<?-li«iiiil<4 impurities 
and transition mt*ta.Himimfities,,see ref. [13] suMlilij. 'respectively.) Tims, iii 
the energy viehiitteottlie pnii(lfjrap.;for.sitbstitutlouiti hni'iirities iti totrnhedfaJ 
.seeonduetors. we expect exac-tly four deep levels to originate from the -.*;»* 
banding,. three of which aredcgeiierato: si s-lihe J.j level and a p*jike triply 
degenerate jj. level. (4» a»d T. are irreducible rcpi-o.H-ntat ions of the let «. 
liedral group T t .) If these «deep levels» due to the central-eel! potential 
all happen to. lie above the conduction band edge, as in the ease of GaP:^. 
(S on a P site,in. GaP). then tlie only levels in the gap.are^tlie,shallow ievels 
associated with the iqng-runged.Coulomb potential—ami .? is termed a slial'ow 
impurity because only its-shallow.levels are observed in the gap. If one of t lit* 
deep levels due to the■central-cell potential fall-., witliin the fundamental hand 
gap, as with GnPlOp, then -the imptirity is termed - deep *. But a central 
point- is that’both shallow and deep levels of the same impurity coexist (fig. 3): 
they are distinct (although deep lev.-ds near a band edge may hybridizv with 
shallow levels). Isoeleetronic defects, such as GftP:27ji, have no -long-ranged 
Coulomb potential and hence no shallow level.-: all of their defect levels (except- 
possibly levels associated with a strain field surnmndii?" them) are «deep v. 


3*2. Energy series and the nrivrc of Ihe- Iheorii. - Before constructing a theory 
of d'-vp impurity levels, one should first determine the important physics. 

To begin with, the bonding in somieonduci<>rs is sj,' in character, and a 
proper treatment of a localise'! defect state must account for this. The spectral 
distribution of the stji* bonds covers ~ 2ti eV, the combined widths of the valence 
bands and rh« lowcsi conduct ion hands. 

The defee: potential in the central cell can he crudely estimated as the dif¬ 
ference between the atomic energies «.f the defect and the host atom it replaces 
—and is typically wm* 1 chdmnrril in magnitude—-.if order f»eV. 7 eV and 
3." eV for S. 27 and O (ali on the 3’ site) in Gal* .ml -1 eV for ].* in Si. The fa<-1 
tliar tiie central-cell ilefe*-' potential is so la-ge should he extremely puzzlim.*.. 
especially in the ea." of the shallow donor- P iji Si and S,. in GaP—heeatise 27a- 
title ret] iiirva that a perturbation of-..veml elect rmivolt exldbit it self on a scab of 
order of electroiivolt. and tlo-sbaliow impurities a)ipearat first glance to exhibit 
consequences of the central-cell defect potential on only the liullicleetroiivol: 
scale. The resolution of this dilemma lies in the fact that the shallow doom* 
also produce <- deep resonances », quasi-localized state.- a’, energies of order 3 eY 
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srioilow aiep. 

Tlg.v-3; r Schematic jUustratjon of: tlie 4if«r« no ° between--.*shallow» and *dcep* 
fjiMionded siabstirutiorinl :(dolior);ilijpuri1 1 ft*<i*-rof; pi].. The shallow, energy levels 
nr tlieiband gap,-are fished;-. jThq-dcepjlevdi'Of, -i t (s-xike)-nii4 jr. (p-like) symmetry 

a - «deep/impTu'itvj- at least 

pnedeep^ovoljies^hiutlieigapjThedowesf leveiis'dcoupiedil'jrthsesu'del^trou 
fdarh .clrolcs)^ 'lia*^ valence oho greater -than the liosidtonrit replaces 

(GjaSNoriO ona/Pl'-sifo in GaP). 

above the conduction hnml minimum,: the existvnev of these rosonences lists 
l«Htu.-n]iiu*ocinU*(ho'ii!.v recently. This itptjohj fhat hfiijurities jntidhee » 

levels above the conduction blind minimum, requires a new dciitiitiou of * deep». 
The eld definition was;th».f any.levei:ih .the fthtdanuditnl jnihfi'gap-more tlnui 
o.l eV from the nearest batill vdge-was «deep*. Xow. following H.tawlujson 
ft-iil. } we (U ihiv a deep level as one whose physics is rontrolled by tin* emit ml* 
roil potential: as a -result, * deep» levels now may have-very small (< o.l eV) 
binding energies (such as the JT level in Gal’) or may,lie abate the conduction 
hit ml edge with * negative binding energies». resonant with fhe hoU hands, 
(•deep resonances»). They may also lie resonant with the valence hands 
(binding energies greater than the hand gap). 

In addition to the centrabecU potentail. several other physlealer., ets, Inliu* 
eiice deep levels on a scale of a ,’few tent! < of ail e\‘. -These include lattice"relax*, 
a t ion around the defect |1.T| ami charge state splitting |l<i. iTj of the defect levels 
(c,//.. the dilVerence due to elect rou.eleet rots interact ions in the S" and .S' one* 
electron energy levels in Si). Furthermore, tin* I’nulouib potential outside the 
cent ml cell. — Zi* st, is also of order n.l eV for r> o,.. Tu much of the work we 
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discuss, we >;egleet all siicii <*flcejs(:fiorder.i».j. *♦ V^;i?Jj[I■ *i>«*♦• ni*•«|** on i**t 

t lie cluunirtil Irttiilx Jit deep energy levels. from one impurity toaiiotPer or 
frcsm libs', to -« bother; Jty iit**rl<*«*ti**^ these effects; we obtainavPry simple 
theory in which the ilbfiH i l^ioi.ciit.i:i] matrix is dingpiialditim localized hnsis) 
niiil isfloiijilizyil lo the central cell of the defect—because of the sealing rules 
of the Yoglliainiltoninn. 

The band gap of ii typical seinirondnet or is =r 3 cV aiiibstudics of dec], levels 
are directed^Wiwird deterinitiiny the levels \vith,::i! acenniey-of < oj eVf. How. 
ever, the band gap energy is not a scale of ]diysjea) relevance TtMlie dee]i* 
impurity problem, because deep levels' whet her «hound »in *. he «s*j» or resonant) 
ayedmattaelied to hand edges. Instead lly hand jtnij* energy determines the 
scale (if olixrirttiiililii of most deep levels. A simple way t<» think about deep 
impurity-icVc} -s that they die throughout the -a jft eV ratine of tiie*p* bond, 
hut'thnt only the small fraction of these levels that lies within the « window » 
of the band gap is; observable by conventional means. ITetiee a complete 
description of dcep-jovel experiments on the scale of ohseryahility of deep 
levels requires it theory .with an acettrai-y of.0.1 eV <mt of-gu eV. or o..V < ;;,. No 
edit kMiipqrary theory is eaiuihle of stteh aj.t acetiracy: the best-.iieeuruey liehiwi* 
ableisficiew -tenths’ of a n eV. Therefore,, the goal of theory should hot bo to pro* 
-diet tlu.absolute energies of deep levels in the band gap, because this goal is pres, 
cntly unattainable. father,, theories should be constructed with the.intent of 
.»impjy_;diil>),»ying.the physics of deep,levels, predicting chemical trends in data 
and predicting qualitative phenomena—such as suggesting the •onditions under 
which si deep resonance should descend into the band gup imd.bceome ft bound 
deep, level. 

Because of the intrinsic limitations-of contemporary theory, Hoa.oiauson 
ft-«/. constructed a theory of deep levels that considered only the central-cell 
impurity-potent ini of tlie defect. The theory can he and has been modified 
to include lattice relaxation, charge state splittings and the long-ranged part 
of the K';rc.‘hed Coulomb interaction, but tlie requirement of .'implicity is best 
met-with the Hjalmarson model. In fact, tlie model’s predictions have turned 
anil to die in remarkably good agreement with the data. 

Iii;3000 L.VXNuO nml Lr.NGLAJtT pjt] predicted the deep energy level of the 
diamond vacancy using a simple right-binding model. Their approach predicts 
deep.levels in good agreement with the most recent calculations [Ifi-gO], and 
their tight-binding ideas provided an essential guide for the development of 
the-dTjaliiiarsott theory. The two elements that are mi»iug from that early 
work are i) an accurate treatment of both tlie eliaracter of the eheinieal 
bold and the indirect ••undue!ion hand structure and ii) a quantitative prescrip¬ 
tion for predieting the deep levels of impurities ns well us vacancies, that is, 
a.scheme for deterinining t he defect potential of an impurity, (h'or a vacancy 
the defect potential is itilinit<-ly positive, as shown bv LANNon :md bKNGl.AUT. 
causing tlie defect •<attmi» to be decoupled from the lies' by virtue of the 
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i!il|iiit«-fHvr^(U'!jominiitors injK-rturbation theory.) Subs. «|iii>ut H"lit-liiiulii:j. r 
theories of deep impurity levels liiet with varyiujj decrees of success. but n 
significant improvement occurred as ;r result of tin* work of Vojjl «/ «/.. which 
produced-tin* *p** n Hamiltonian witli manifest r/tm/W tirmlx iti il> i>::raitu*t<*rs 
and with adequate conduction bands. 


3'3. Htnlmai'xnii theory uf tlrrp Irntx. - Tin* lijalinarsoii 1 li«*t»t-y *» 1 ' 
impurity levels is :t Green's function theory of. the type proposed orimurlly 
by XCuSTKis and .Si..vrEi:-[-7]. the host Hamiltonian matrix II" is the Yogi 
Hamiltonian. eq. (4). Because lattice relaxation ami, changes of bond length 
have been-neglected. the defect potential matrix T*. in .-the,* 71 V basis localized 
at eacli site, is zero except at the iliipufity site atid is diagonal at the impurity 
sire: 


(**) 


(iibRlVyb'R') 




Here d is the Kroncckcr delta-function and we have v m (1*,. i;, r„, 1 *. cl: 
1'# and I", are given by eqs.. (0). The Hamiltonian is 


(») 


HmW+V, 


Because fix? defect potentialmatrixIs localized, a Green’s function;method 
is useful, formally to find, the, impurity.levels in n .crystal ofif unit cells with 
two atoms per cell and tivo orbitals per atom, one must solve by brute force 
aluy xlCO’ matrix equation. With uGrcetVs function method, one need only 
solve a 4x4.matrix: the size of the defect rather than the size of the crystal. 
In fact, tetrahedral point-group symmetry reduces this 4x4 matrix to four 
1 xl matrix equations. 

The Green’* function matrix for the perturbed crystal is 
(l»i 0(E) « (£ - ff)-« 


and is related to the unperturbed (ireeti’s function 

(JI) G"(Ji) - (£’ - - 2 !*W - X H ) mt <Av.i 

k). 

by Dyson’s equation 

(!•-*) a ... <; u - <; n vo . 


(Verify this by imilti|>Iyiit.tr on 11 •• |«-ft by 7;’ —//“ami 011 the right by 77 — 77.) 
Tin* formal solution of Dyson’s equation is the matrix 

(NS) 


ti M [1 — (»"■ I’]-* <#", 







476 jhiin i>; now 

which has nontrivialsolutions att lieenergies dot ermiued by tlie secular equation 

(14) «lct |1-(»•?!•] = » . 

Taking matrix elements of Ili<* secular equation in the \Ml) basis. we lind the 
eigenvalue orjitations.for the d- -i.-level energy E 

or.) T’; 1 * (#D|6'“i*D) ~/* 3 !(«!>!*;.; :-/[r- E ki ] 

hi 

and 

(. 10 ) r;‘ - (i>,D\G*a> r D ). 

llowriting these results in terms of the local host spectral densities I )J (A") 
unci I>* Ti (E% w» have (>'$] 

(.17) f;‘- pj4^,(F)/[r - fj 

-ii:id= 

(15) t ; 1 - P\dE‘I>' Tt (E')l[£ -F] 

\ritli 

(19) ^(r;) « (iiD:< 5(F~2P)j»0) - 2 \{»D.k?:>\W-En) • 

Jit 

To see how these results,, eqs. (17) and (IS), are obtained more directly, 
it is useful to take matrix clients of Dyson's equation (12) in the basis 
hurt Vo consider the impuihy site IR ■« we have 

(1*0) (liDfi'.n'D) * («D;(?"i«'D) -r £ (»D\G^D) r,(rZ>;<?i». D) . 

t 

where it. u‘ and r ratine over *. p„ p, and p,. Bocai'se W is invariant endor the 
operations of the tetrahedral point group T t . if* ami (E — R”)~ l are invariant 
operators. Since the •'•state transforms according to the .!»irreducible repre¬ 
sentation of X 4 and the yt-states transform according to the ,r. y and : rows 
of the J, representation. (uD G’-ii'D, is diagonal in n and eqs. (J7) and (IS) 

follow. 

The energy E is always to be interpreted as having an iutinitesima) positive 
imaginary part /«; this gives the correct boundary i .•inlitions for the (irecii’s 
fiiuctioti. lieeattse of this and the identity (.#••■ /o'r ! — .°(1 /.*■) — irr •)(•!'). we 
have [•*$] 

<?(/;) = -(]■: h>)(E - II ). 


where P denotes a principal value ami *>(./• 1 is Dirac's delta-function. 
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Kijuations (17) anil (IS) are tin* central e/|it::tioi;s «»f tin* lljnhunrsou theory. 
Tbsolvcthetii. one tieeiU to first evaluate I lit* .spectral densities J>*(E) for the 
host. When the Hamiltonian ZZ"'is,-iiingonsilized to find the eigenvalues E k) . 
thi* overlap integrals [nbk\k %>-are tlit*-«*ttin)ii»ttt*tils u tin* normalized eigen¬ 
vectors. in terms of these /(Uantilies, w.c liave 

(nhWh/.y = 2\~- o.\p [/7c-(JR -f- r,)]f////A : |/cA> . 

Rohce we have 

T>° H (Ei) = .V-> Y \(M\k/.yl*<)(£’-E ti ), 
w 

which e.-in be summed either itslng the Lehinnmi-Tnut method [gfi] or (for the 
deep-level energy E in the fundamental band -rap) using the special-point 
niethod-!3o]. 

In practice, the deep levels i',) and jf r| (I*,) are calculated by eomputin-r 
tlie functions l*^^) and V t (E Tt ) iis follows:!) a value of E is selected, ii) i:ie 
spectral densities i>®(i”) are evaluated, iii) the right-hand sides of e<js. (J7) 
and (IS) are evaluated, iind iv) T, and I > are determined from those cijua'ions, 
riots of E vs. T* for J., and IT- states then give predictions of deeplevels vs. 
defect atomic energy (seceqs. (6)). The vacancy levels are the asymptotes 
E( V~- oo) oi these curves. 

Problem 4. Compute l'(E) for energies E outside the host band, in the ease 
of a defect in a one-dimensionalnearest-neighbor tight-binding crystal. (Hint: 
2P»/? i.[!B)(Jt + li+l&+l)(XB, F»r,|Compute the band sti-nc- 

ritro E r Then compute (WIT?') = iY“» T(£ - £.)“e.\p [/l[i? - if’]]. To 

i* 

evaluate (i?j(r";7?') * {II — 7?‘[<7°!0) analytically for energies outside of the hand, 
use a contour integral over the unit circle.) l.epeat this calculation for the 
defects on the P site in- GaP, using first one special point [30] and then teix 
special points to evaluate the sums over Ii. You will obtain good results 
with ten special points. 


4. - Qualitative physics. 

The nimlihtlicc physics determining deep levels is depicted for the case 
of (!nl*:X J . in tig. J, after ||,y|. In this figure we consider, for simplicity, only 
tin- //-states of the atoms (and the .-i l -symtiietrie defee't level) and note that 
the (hi atom‘e energy e (u lies above the I* energy f,.. When these two widely 
separated atoms are brought together into a molee.-le, t lie h-v«-l> repel—resulting 
in a boiidiiig-auriliointiiigsplitting that, in lowest order of pertnrhntion theory 
about the infinite-hittice.coustnut limit, is proportional to — r,.). where 
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r is tin* («i-to-Vrransfermntri.veleiiieiit(alid is ;;(»i»m tin* shine for ;ill semi- 
eondnel«»rs 17]/. Tlii‘.uii]Hiri;int point is t lint tin* bonding-nut iboudiug splitting 
is inversely |*ri»)M*rtto: the-energy (l« a iit»miu»i«>r r 0 , — i\.. -When these 
tnoleeules are. brought tog*-iln*r itii«» a solid, the nUtihoiiding stales produce 
tlx- conduction hand and tlo- bonding.stntesvield the valence band, with (In* 
fundumciilul hand pip in bet ween. 



atom molteuit toilet atftc t "molKulf" 

Fig. 4. - Sclunnntic illustration of the qunlitntive physic* gowning deep levels, 
after ref. [3.11]. See ter.. 

27ow imagine a «defeat molecule * with a >* impurity one of the 

P atoms. Its atomic energy is s: I'cV lower than that of J.\ and so, when it 
interacts with a Git atom to form a . decide, the re miring hbnding-antibondiug 
splitting is smaller that.* for Ga and ]', because the energy denominator e tu — c„ 
is ~ 7 eV larger than the denominator £„, — e,,. As a result, the level in the 
gap (the deep level) can lie below the conduction hand edge in the gap. In 
faet,dig. 4 illustrates that the issue of whether a deep level is * hound »ill the 
gap or »resonant » with the host hands depends primarily on whether the 
ham!-' are broad enough to rover up the deep level; that is. it depends on the 
amom.t of bonding-ant ibomliiig splitting. 

Several features of tig. 4 art* worthy of speeial mention: i) Tin* 27 deep level 
is derived from the Ga dangling-bond energy e <u and is antibomling and huntlilr 
(Ga-likci. not impurifylihe (X-like). Tie* X-like lev*-! is the bonding hiijH'ftlr c 
/civ/ lying below the valence band: it is electrically inactive, being full of elec¬ 
trons. and is normally unobserved, ii) The dee]* level'is orthogonal to the 
hyperdeep level, iii) The deep level is repelled upward by the hyperdeep level 
by means of the bondingsilitibonding level repulsion, ivl The deep level is 
<• pinned * to the Ga dangling-bond level and eanuot be pulled below it: Imagine 
decreasing l he energy of i he V level *■„ relat ive to f,. from — 7 eVto sr — l*«eV 
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(oxygen), aml tlien to ~ —.jiiinieV (an i«l«*si 1 n«*y): 1i«* deep-level energy 
will move down mily slightly. never *i«*«*|*«*f than the Go dangling 

dioiid, or ideal 1’ vacancy energy of. F l(k . This is t In- meaning of <• deep-level 
pinning »: Mnjiji : rimiiijcs inlln ilrrji-lvrrl-juiUuliiil rrsiiltin mill/ minin' (•liinitjrx nj 
flu ilrrfi'lrti'l .» -IV/*/. tir jdA'/d I*. .. 1. 

Tin* dcep-levej pinningennlicilluslrated hv plotting the deep level in tin* 
.Cap rx. tin* defect potentisi.l 1 1*. which (according to illy Vogl model's sealing 
rules) isproportional to thcdil'fcrenec iti atomic energies of tlu* defect and the 
host (i* aiotiij; Titis is dopein tig. fi, for the x-like .1, states of.defects snhs:i- 
t ofih.tr foe l’iit Giil’. The curve £(!') issimilar to a hyperbola. having the energy 
-of a Ghdaligiitig build or a 1* vnesiliry us its asymptote. Ol:e eah see that 
Ji( 1 ”= jo). cpiTPspntids to a vacancy. because. as the magnitude of .the defect 
potential increases. the defect fltoiii heeoim s less : nd.less cniiphd to the host 
(recall, that in perturbation theory the coupling -i* inversely proportion!I-.to 
an energy doiioniijiator of'order 1*). until *k»r 1*== so the defect is totally un¬ 
coupled. namely a vacancy |il$]; Once one feeognijcos that the physics of deep 
levels results in; a hyperbolalike curve E[Y)i the problem of predicting deep 



valence oa.net 

i i - i i ; i i i 

-50 -40 -30 -20 -10 0 10 20 

attest potential <ev) 

Pig. •*. - Kticrgy Jowls iii the baud .sap, as calculated by IIjaLMAUSOX it «/.[!!], 
i'x. defect potential tor .1, symmetric stales of delects mi the ]’ site ill dal*, alter 
ref. I .'I], Note Unit, if the theory is i.ikoii literally with so allowances for a theoretical 
uncertainty, the S defect is predicted to have a deep level in the gap. just slightly 
below the voiidnc.ioii baud edge. K.Ypcriinciitully ii is known that if is a shallow donor; 

hence, one must, make ... for the uncertainty in tie* theory and u-cognizc that 

in tael the deep level for -ii must lit*slightly above the conduction bund minimum in dal*. 
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levels reduces to predicting two numbers: tin* itieabvaeaney energy i’(oo) uml 
tlu* threshold potential l' T at which the resonant deep level passes into: 1 .lie gap 
ami Ceases-being a resonance. 

Figure (1 illustrates very schematically 1 lie wave functions of deep leVcN. 
using only .v-stufes. for simplicity. The host valence band t>f (hiP has ii bonding 
wave function t.hnt is largely P-likc. lnit with a si^nilieaiit (ia-like Component. 



b) 

Fig. 0. - Schematic illustration of the wave functions in the (bonding. a)) valence 
ami (iintiboiiding. l»|) conduction hands of Gal* (usinj; a *.ittntc model) and in the bonding 
(hyperdeep) and nntibomling (deep) levels of X on a 1* site in Gal’, after ref. [8], 

When re]>laees P. X i.* more electronegative and attracts electrons to it. 
As a result, the hooding hyperdeep level lias a wave l'ttnetion that .is overwhelm¬ 
ingly X-likc, with just :t small (in component. The nntihiinding deep level 
is orthogonal to the hyperdeep level, atid so has a wave funetion that is almost 
exclusively (hi-likc. with only a small 2T component. 

All of these ideas have been abstracted from the Hjalmnrson cl nh theory. 


5. - Evidence supporting the theory. 

Tin* theory of Hjalniar •*ii </ «/. has made literally thousands of 

predictions Ilf deep levels ami call account for all extremely huge body of data. 
Here we review a few representative predict ions of tin* theory. 
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5 !. Ware juncliniix. - Figure 7 slu.ws tlu* ni:>irnitmio of the decpdcvel wave 
function nf siilisiiuitiiiiial'S- in Si. as ii function of distance Jifrow tlu* center, 
in comparison with electron niiejeaf (itiuitii- h'scinaiiee )lt) data [31. 32]' 
Tlic E^DOi; mea.suieiiieiitsryive t.jie charge density at’ Si site.' adjacent 

1<» iiiul tiearhv the S defect. the data do not reveal tlic phase of the wave 
iuni-tioiij and so we hit v c plot ted only the magnitude,, even though the wave 
function itself oscillates rather rapidly, >7ote that the simple. Hjalinafson. 
theory isdn exctdieht agreement with the data, for distances It out to the sixth 
nearest-neighbor shell, llcyond rhis distance, the eil'ective-mass wave function 
(which fails badly for small I!) describes the data well—indicating that the 
present theory would have been in even more drainatie agreement with the 
data if a Coulomb tail. — » ,! /er tor r > d t . laid been addedto the defeet potential. 
This success is by no-means trivially obtained, since, some theories predict 
cpiire inaccuratewave functions for the jj- deep level [31.33], 



Fig. 7. - The magnitude of the isotropic part of the wave function of a S* impurity 
“ l . f* 11 f'uwtitm of tile distance I! (in A) (mm (lie impurity site, after ref. [31]. 
Ute solid triangle.-, and circles are derived from ENPi'U! data of ref [32]: the open 
trauielcS and circles arc the calculations of ref. [31]. KtVectivcmnss tla-on* is denoted 
■ . . . l ""’ ‘""l "I"'" Mpian-s. Tlic *.‘s an. the thonrv discussed in rcf.|331. 


5 -. 1)> i‘J> In’rls in 11 - \ I i*ii hi jinn ml sriiiirniiitlirtni.s, — 'J’j sort of predictions 
tin- llieorv produces an- illustrated in tig. S. where the levels a.-sueiated with 
coluniu \ detect.' on a S site in t'dS are given. These impurities, which one 
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might -naively'export to be shallow acceptors, arc, wit It the exception of X. 
deep le.vds predicted to lie well within the hand gap ofTihS. This is undoubt¬ 
edly (tiie rest .-.on (but not the (inly reason) why (.’dSiihd ni:iny other 1J-YJ 
materials eni'hot be doped jotype—the expected shallow acceptors arc, in fuel, 
deep. The exception to this rule is N, which is predict cil to yield no deep levels 
in the gup uiid to be n shallow-accept or level. Jut crest'ugly enough, in Zn.Se 
(smother II-A’T host). Wv dal. [34] have ion-implanted N, to find that it does 
produce u .shallow acceptor level—ns ; prcriieted by TCouayasiii d ul. [35]. 


conduction band 


energy 

X 




valcticc , - 

band shallow deep 


Fig.-S.- Theoretical predictions ot ref.JSo] showing that the expected standard 
J’-fype shallow dopants, except X, on the.S site iii CdS produce deep levels in the 
gap, after ref. [3]. 


5’3. Sanl-af * theory: of paired dejects. -Saxxet d <>L [30] have extended 
the theory of deep levels associated with substitutional point defects to pairs 
■of i'j) ! -boud<‘d Niibstitutional defects—v i;h physically transparent results. The 
paired defect ! a * molecule»that has «molecular orbitals»corresponding to 
rtdike tor ^-symmetric) states riiid cr-like (or <».-symmetric) spates (see tig. 0). 
The relevant "mur) ir-like molecular orbitals are composed of .7', single-defect 
orbitals poluriz-d perpendicular.to the spine of the molecule and huv • he same 
energies as the single-defect p-like T. states. The two p-like 2’. states of the 
single defect that are polarized parallel to the spine of tlie molecule hybridize 


e(n-t»'*e) 




a ' l '- ,iw GEO GEO 


Fig. 9. - Schematic- illustration of the ,-i-Iike 
ff-like <?. state- of a defect pair. The do < 
and propcIKrs denote ^.states, aiicr icf. 


•••symmetric imil. alar orhhals and the 
indicate defeuls. circles denote *.*iaw. 



U>c.iMzni< , n - 4 g 3 

'V"h U. s . tu-»» -like -1, sli.ti.il reitteio.i on tin* (iinvi-ciit <i«.f..ct<c,t.. fnrtn rfm,. 
r-*y:n:iii-t ne.moleettla r states. j„ eohu-a si with tlu- .-r-jiki. sti.t. s. tI msi.-I, vl.ri.iix- 

'im” s,!l,, ' s ! * , K.. , iU ,i ! , !itly jMMthii-iicfl liy tln' |irc>cii(. ( . (t f j hesoeoml 

. '- U '7 .Wm.-.iWy an ■■U.„.rl«rii w , whi-h 

n-Mun-cs that the . mi.lmthn-. levels ini.the .,,.A t ami k lav,],, 
(iit'i'iill that the i'-liki* T. i.<i)latoi<-il(>tVi*i lew! .teroiniioses into a ^like ,, 
•itoJcrtthtr im.l Jiolamoa ai.,, 1 ^ the mole.-ular spin,- ],lu.s two jr-likc ,.|ev,-]s. 

* _ €*a»-t* .1, and X. is.>li,te.l-.i..feet-levels jn-oditec the same nmlmt 1«? 

N.vmtttertr ^states of the ,,hi.v The ihteWaeit* theorem states that levels 

™:rrr ^ m »>r r ry. ,i 9 ll0 t ..in-mnwi 

»»«• 1,1 mtwliii-iuslliywrai. irottc-ii posniM,. i, t j K . 
«: If ' "< |,v„ls Math-, t.. !!„, W* 

r » **■•<*!>«'« <* »h.,.WVvritlwr a .ton. 

MM.v lias (lari-lajH'il Hnw i.fras ami iij.i'Mitii.nii In tin- iif,im<|.|inteliW 
fajiirtntnr,HSJ* B |!„Jimiisfj, Gill’(1I B . ill). trai,a.I,„a„-,i,i,„i, v i s ali,tail„ny s ,.„ 
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level (i.e. the (Ga. O) pair) cannot be driven into the «-ou»iu«-tioii liand by any 
electropositive defect tut an adjacent ca.iiin site, but that it can be driven 
into tlio valence baud' by any one (if the following impurities on a neighborin': 
(hi site: F, 6, Cl, Br, X. S, .Sc. or I. 

5‘4. Surface defects and Schatibj-hnnier height *. 

5'4.]. Core cxcitons at surfaces. Sonic of the best evidence slip- 
porting the theory comes from core oxciton experiments, because* by the optical 
alchemy approximatidi. or X -r 1 rule [37], a core oxciton is,identical to an 
impurity atom [3S]: for example, core-excited Ga is Ga plus si core, hole plus 
an electron and (because the core hole lias'alniost the same charge distribution 
iis a proton) is virtually identical to unexcited Go, the atom immediately t»» 
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Fig. 11. - Comparison of .1) experiment and ]!) lln»ry for Ga site (110) surface cure 
exeitons in «) GaAs, /<) GaSb and <•) Gal’. after ref. [tut]. 7;' T and J; t denote valence 
and conduct inn hand edges. The propeller denotes the en.e exeiton level. The hori¬ 
zontal lim - d'-m-te the loner portion of thoinirin'ic surlace Mate ’iamb. The theoretic::! 
hand gaps are appiopriatv for 4 K, and hence are larger than the experimental saps 
obtained at room ;* mpernime. 
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its rijrhi iii the periodic table; Tint.' core-excited (in is a Ge impurity and core- 
excited In is .Sit. Figures ,11 and 1; show that, tin* piaMlictcd spectra for core- 
excited Ga at tin* (Jld) surface of Ga^roup V compounds and for excited Jn 
at:;ihc* surface of In-j£rotip V semiconductors account fin- (lie data for core 
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Fitr. 12. - Comparison of J.) experiment and U) theory for the In site (110) surfaeo 
core excitous iu «) ItuU, (•' IuSb and c) Ini’, after ref. (39]. 


exeitons nr the relaxed (110) surfaces of these materials (39]. The theory 
also predicts a transition from shallow effective-mass cxcitou behavior to 
deep exeiton behavior for the Si '2p core oxciton in Si I Ge l _. alloys. Evidence 
of this bus been reported very recently by Bo*ker of al [3S]. 

5*4.1’. Itefeets at surfaces. An impurity at a surface has energy levels 
very similar to those of all (impurity, vacancy) j>: :r, because the surface (in a 
ttearest-neijrhbor ri.ahl-hiudiii" moilvl) can lie created bv inserting a sheet of 
vacancies into the balk, so ih:.t the iiu/.irilv and the vacancy next to it form 
a pair whose energy levels are only slightly perturbed by the more distant 
Vacancies of the sheet. To he sure, one must account for lattice relaxation at 
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tliv. surface; nevertheless, t he essential qiialitat ivc physics of defects al surfaces 
is the same ns for (defect,;-viioanev) jiiiirs. Therefore, tin* deep levels of Mil-face 
idofiwisiCiUi lie compuleil »isin*r eq. HI), and the basic ideas used for.‘deep‘levels 
associated with substinttionnl defects.carry over to the surface defect problem, 
where tlie seeuhir equation is formally the same as cq. .(Jji. but its evalu¬ 
ation is considerably more complicated due to the reduced symmetry of tlie 
defei f. 

One piiini that should br ctnjiha.sized is that a surface is a la rye perturbation, 
and the deep levels asswhited ihitii a surface impurity are lib-1 y In Hr xn-crdl 
1 chilis of ah eV distant from the rnrwjmulhig bull: impurity-Icrrlx. Indeed the 
numbernf dcepleveis boniid in the gapqnay be dili'erent for a surface defect 
from the number for the same defect in the bulk. In particular, impurities 
that are »shallow»in the bulk often produce one; or even '.wo,.deep levels in 
the gai> when they reside at the surface. For example, a nearest-neighbor 
pair of P impurities in Si is predicted to produce a deep level, although isolated I’ 
is a' classic shallow doiior [30]. 

5*4.8, Seliottky-barrior heights; 

5’4..3.1. Bardeen’s model of Fermi-level pinning. In 1947 Baudeen [4(i] 
proposed that- the Sehottky barriers that occur at metuhsumieonduetor inter¬ 
faces are due to Fermi-level pinning by states at the interface. Stated simply 
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for a. degenerate im ypc siMuicipiductor. tin* Fermi ievols of tin* bulk somiroiif 
ductiir.tlii: metal aiidlliosoniiiondnetor surface align in electronic <*q'itijiltriun. 
At zcroieiupcmrurc. I In* Fermi jevei ofthe.semiconductor surface is tin* level 
info AvUielntln* next electron falls, and. if this is a hoiind deep level iii the *ra!» 
associated with asurfaee defect. charge willllow anil the host energy hands will 
bund lintiii.rliis level,aliens with the Fermi level of .the bulk semicoiidnctor 
-(iijLji 13); This causes a -Scliottky barrier to form. 

"5'4;3;2. Spicers native-defect model. Spjceij- and co-workers [41], have 
ciiampiotieil the notion- that the Bardeen states responsible for Ferinidevel 
spinning, ofllDY semiconductors are deep levels associated with native surface 
defects. lit this model, the fjehottky-barrier height for H-type material.is tlie 
binding energy of the surface deep level with respect to;the conduction hand 
edge (see figs 3,8). . x 

5’4.3.3. Allen’s theory of Schoftky-bariicr heights in III-V semiconductors. 
Allex fit ah [42.43] have calculated tin* binding energies of deep levels produced 
bv various defects. native antisite defects in particular, at the (lit') surfaces 
of III-Y compounds and ternary III-Y alloys. This approach followed an 
-earlier - suggestion by Daw ct «1. [44] that Fermi-level pinning by deep levels 
asspoiafed^with surface-vacancies might account for many : Sehottky*barrier 



v.S ~ ...i——1— 

AlAs 3aA* xr jnP IhAs GaAs 


Fig. 14. - Predicted nud observed ScUottky-barrier heights in III-V alloys rs. alloy 

composition. after ref. [40]: • theory (GaA»i.-— experiment (A ). The theory 

assumes Fenui-lercl pinning by a cation on nil anion site at the Au/semicouduotor 
contact. 


height data. The results of Allen's calculations for deep h-v.-N associaled with 
surface caiioii-on-aiiion->itc impurities [jr». 40] are given in iig. .14. when- they 
are in rcuiarkahh* agreement with the data. This simple theory, whi'di has 
hcon discussed in detail al»ewhcre [-1J. is capable of explaining nn -lerous 
once-puzzling experimental facts. Fermi-h*’ pinning by antisite defects ac¬ 
counts for the Sihottky harriers heiweeii non reactive metal.' and l.-ost 11J-V 
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semiconductors, Dangling homhc or extrinsic defects become important when 
•reactive -liii'tsils or sj»**«-ial sin-fa ch* }»r«*jiarat are involved f-J8]. .Sankky 
,ri ai, [47]Jinve .shown hornilv that 3*afdceh\s ideas can i»v to 8i a> 

well as to tht* III-Vs: SJelipt tlcy-ha trier data for .*>i/lransitioii metal sijicide 
.interfaces can be understood in terms of Fermi-level pinning. by iutcrfaci.il 
dangling kinds. Thi.» work unifies the understanding of .Schotlky-barrier 
heights of Ill-r senticonductors atid Si aiid also explain- why free-snrface 
caleulatiohs give good estimates of the Fermi-level piiimhig positions of inter- 
fa eiiil defects. Hence it appears likely that tlie Sehottlcy harriers on t he common 
semiconductors have heights determined by surface deep levels riiiost associated 
with various native defects). -•» 

o';*. Intrinsic surface slates. - In a nearest-neighbor tight -binding model, 
a simple way to create a surface is to insert a sheet of vacancies into-a bulk 
semiconductor. The deep levels associated with this sheet defect are surface 
states. Therefore, the basic theoretical approach to the deep-level problem 
applies to predicting surface s* ites as well. There are. of course, many technical 
problems associated with efficiently solving the secular equation (14) for surface 
states at relaxed and reconstructed:surfaces. Those difficulties are beyond the 
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Tig. lfl. - Surface state dispersion relations as measured [4t*] and ]»•• licted [48-fiO] 

for In?, after ref. [40] ami [0]: — — — sclf-consisiein pseudopoteatial.-tight 

binding. • data. 

scope of the present work {,•!?»]. Revert liclcss. calculations of intrinsic surface stale 
ilis]tersion curves have been executed based on this model Typical results 
are given in Jig. .lo for the relaxed (I lo) surface of Ini* As w : tli the pre¬ 
dictions of deeji level.- usso.-iuted with pnim defects, the surface state pr»*die- 
tioii.- are comparably accurate with tie- he-t local-density theories [40, ho]. 
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6 . - Metastuldealloys. 

Tlii* ideasdeveloped for trc*:itinjr band structures nml impurity l«*v**ls can 
lie applied to treatiiig large conceiitratinns of <• impurities » and lo predicting 
phase traiisirkuis iii alidy.s. jfcechfly Gl.’iCKNKW <i/.(nl]havc grown metastahlc, 
sii.Htirutioiial; crystalline ((oi-\.s),_ / (5c J> and (Ga.Sb),_Jje... alloys. even though 
tile constituents. Git As and Ge or Oa.Sh and Ge; are imniiscilde at equilibrium. 
TliC* {(»aiV.s)t_iGtv alloys exhibit a V-slmped bowing of the fundamental band 
gap as a function of alloy composition ./• (fig; 10). This bowing cannot be 



C C'.2 - - ’ ' 

(Goa$) . jCcmozzilion (3e) 


Fit:, lo. - Direct energy gap of (<<nAs),_ l Gc«, alloys vs. alloy composition .r. after 
ref. (.*:{]. The dashed lino represent* the ordinary virtual-crystal approximation: tine 
solid.Sine.represents the theory of-yef.'(52. os'!. The data are indicated byndirles; The 
theory uses parameters appropriate in 4 K, whereas the data are for room temperattirc 
(at which the band gaps are different). 

explained by the conventional virtual-crystal approxiination, which assumes 
iimt each alloy is a crystal whose,tight-binding -parameters are interpe: lied 
between those of-GaAs a:.d(!»•; 2?’K'V.M.\X W <//. .*.!j Inive shown that-the 

V-shaped bowing is due to an order-disorder transition between a zinebhnde 
and a diamond phase (m e tig. ,17). 

In modeling the phase transition ill these alloys. ^KWJl.vx was faced with 
data that. required a reasonably accurate theory of electronic structure valid 
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llei-c ■]. K. h and ;l ;m* parameters deliiied in ref..(fig]. and R mid R' :uv 
nearest rUcighhof sites; lit tIds pscndo.sj.in language. crystalline GiiAs is :i 
«**. alternating sites are occupied by Ga (« iiji ») 

ahdAs («down »): the Ge atoms'(* spin, zero »i dilute the «uiitifciToinugiictism». 
Tin* <r spin-spin » intt*f:n-Litm between neighbors causes As atoms-to- 

ptvfmditiall.v stilTotunl Ga and discourages the formation of dusters «»f-only 
Ga dr duly As. Iii*tails of the ITumilfbitian. which is similar to flu* Illume. 
■Emery,.Griffiths Hamiltonian jr»4] for 3 Hc-*Ec .-•Ini ions. arc given in ref. [a-]. 
XlAVMAN solved -t5:is Hamiltonian. in it moan-iield approximation, to obtain 
tliv equation for tin* order parameter J/(.v..r c ): 

j//U= tjili ; 

Here ,i\ is the alloy composition at *■ iiieli the minimum'ba nd *ra]* is ohservetl. 
•H;3 lor (GaAs) w G« w . The order parameter is related to i he probability that 
a Gii atom will he found, on a nominal eat ion site of,an imagined zinc-blende 
liittieo: if this probability is tlie same as that for finding Ga on a nominal anion 
Site, then the crystal structure is «diamond» and not <• zinc-blende >•. That is. 
the alloy is «disordered ». 

The second Hamilton ..n is the Yogi. empirical tight-binding tlieore. but 
A rith .the aUoy^.p arame tfeis-dotcrminediby- amewvirtual*crysthl approximation 
that depends oh the order parameter of the first Hamiltonian: The diagonal 
matrix elements are interpolated assumin.tr. for.example, that the average cation 
is [(1— .v -r Jl/)/2jGa rr f(l — a* — .Vl/SJAs-f (.r]Go. The energy- band struc¬ 
ture computed using this.model yields a direct band gap E n (.v) n\ alloy com¬ 
position. ,v (tig. 10) and explains the observed V-shaped bowing. 

7. — Summary. 

In summary, the simple ideas originating in the work of Hsu. Wolford ami 
•Street mao and quiititilied in both the Vogl empirieal tight -binding scheme and 
the Ifialmarsnn theory of defects liave proven to have widespread applicability 
to defect states, interface states, surface states. Sclmttky barriers and alloy 
theory. The most rem-e-aing feature of the theory is that it is simple enough 
to lie used bv a mmexpert. and yt it produces rather good predictions for the 
•deep* electronic states associated with almost any localized perturbation in 
a semiconductor. 
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The x-ray photdemissiph, absorption,:and emission spectra of a one-dimensiona.' tight-binding 
model for a binary metallic alloy A\-,B X are evaluated in a change of mean-field modei; The ,"m- 
bined effects of disorder and multielect,on excitations are included. The extent of the .'(symmetric 
tails of the x-ray photoemission lines depend on the local character of the Fermi-energv states ir. th: 
vicinity of the core hole; this effect could explain the.long-standing mystery of why Na Ir hnes in 
'hia,'.WOj are symmetric. Feature-, in. the absorpn.-n and; emission spectra reminiscent of the 
anomalous ramplike thresholds observed for absorption by fare-gas atoms in alkali-metal hosts are 


also found. 


I. INTRODUCTION 

As a first step toward understanding the x-ray absorp¬ 
tion, emission^ and photoemission spectra of binary alloys, 
we present here the results of model calculations for a 
one-dimensional, substitutional, crystalline, binary alloy 
The model treats a single orbital and a single 
electron per site in a nearest-neighbor tight-binding ap¬ 
proximation. Many-electron effects due.to the final-state 
interactions of.the electron:- with the core hole are treated 
in a change-of-mean-fielc approximation. 1 Hence, the 
model exhibits features associated with both the “x-ray 
edge anomalies" 2-4 and binary-alley disorder. 5 To our 
knowledge, this is the first study of the combined effects 
on x-ray spec?’.': of disorder.{n- a binary-alloy and many- 
electron recoil. 


II. MODEL 

The one-electron Hamiltonian governing the behavior 
of the alloy is 

M 

h= 2 e(n)jr)(n | 4-/?Jn)(n + 11 +/J|n + l)(n | . (1) 

ft ■ I 

Here we have M sit'-s, j nl refers to the one-electron orbi¬ 
tal centered at the nth site. /? is the nearest-neighbor 
transfer matrix element, and ftni is a randor. variable 
which takes on the values e A with probability 1 — x> and 
e B (with probability x ). 

In the ca»e of x-ray photoemission the band has V elec¬ 
trons in both the initL! and final states, but the initial- 
state A'-electron Hamiltonian 

H, = 2 f, i {2) 

1*1 


changes suddenly as a result of the removal of the core 
electronto the-final-state Hami'tonian 

( 3 )- 

(-! 

where we have 

h'4sh + V 0 I'KHR! , (4) 

with R) referring to the orbital centered on the core-hole 
site: To is the tlectrc . inter.-.;’..on strength (and a 
negrrive number). The initial many-electron state of the 
electron gas | 7 ), in this model, is a Slater determinant of 
the lowest-energy single-particle eigenstate:: jd) of A; the 
fina’ states 1 Fv) are all the various determinants of the 
eigenstates ‘ vi-> of h'. 

The x-ray photoemission spectrum is 

/(£)= 2 I £v)i 2 8(£T£f v -£/~fiai-e C or.!. (5) 

V 

where the summation is over all possible final-state con¬ 
figurations. The photoemission recoil energy is 

, (6) 

i i 

where the sums are over all occupied or. -election states in 
the electronic ccnfigt ration: Fv> anc ’ 7). respectively. 
The photoemissit-.i line shape has contributions from wth 
spin-up and spin-down chaun Is. It can bt shown, howev¬ 
er, that one car. evaluate the line shapes fer each of these 
channels inuependently and thu’ : :e two-channel line 
shape is a convolution of the s:ncle-.'.,.»nnel shape:,. 1 
Hence, for simplicity of prese « , an»>n wt. consider here 
only the spin-up channel, and w • have M = 2 V. 

X-rav emission of a photon of energy £ can be trea.ed 
ir; a manner completely ana'-ogous 'o photoemission, and 
has a line shape 
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k(£)=2 I (Fv|A/ |f) |.*S(£— Ej+Epy ), (7) determinant of N -j-1 [ip)'s. A similar expression holds 

v for x-ray absorption. 6 We assume that the core hole has a 

where the.final states | fv) are.Stater determinants, of negligible radius, in which case the c.pole matrix element 

N | ^)’s and one core orbital and the initial state is a can simplified, and we have 


(Fv\M\I)=M 0 


ipiiK) tfri(R) ••• 
i^V.I l^t) 

(<Pv,2 Iti) 


(<Pv,N l#l> 


_ j :_ J 

$N + |(R) 


| Av.*|) 


( 8 ) 


Here (MR) is proportional to the overlap of | ip) with the 
core hole at site R, Af 0 is a constant, (<p j ip) is a scalar 
product, and wehave assumed that the core hole has a 
negligible radius. 6 

The line shapes /(£) and Af(£)=/.'(£)/A/iare calculat¬ 
ed as follows: The eigenstates inl and j ip) and the corre¬ 
sponding eigenvalues are evaluated for a one-dimensional 
lattice with M=40 sites occupied by a specific configura¬ 
tion of atoms A and B, as determined by a random- 
number generator. The core hole is confined to one of the 
ten innermost sites. The matrix elements between deter¬ 
minants, such as \/ |£v), are evaluated for many elec¬ 
tronic configurations v and the spectra are calculated. 
The calculation of t given spectrum is terminated (i.e., no 
more configurations v are included) when the sum rules 
for x-ray photoemission spectra 1 (XPS) 

f""i(E)dE=l ( 9 ) 

and for emission 6 

/.* X(E)dE=2\'hW\ i (10) 

• r 

are adequately exhausted (the sum is over occupied 
initial-state orbitals ip t ). The calculations are repeated for 
(typically ss 100) different atomic configurations and (typ¬ 
ically as 10 per atomic configuration) dif.Vrent core-holt 
sites, Gaussian broadened 7 and ensemble averaged. The 
ensemble-averaged spectra are displayed in Figs. 1 to 6 for 
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FIG. 1. Predicted x-ray photoemission spectra for core exci¬ 
tation of the A site in as a function of the emitted 

electron’s energy E, for x =0.2 (dash-dotted line), x =0.4 (dot¬ 
ted line), x =0.6 (dashed line), and x =0.8 (solid line). 


P= — j, F 0 =—2|/?|, e*=2|/?|, and e^ = —2j/?| for 
x ==0.2, 0.4, 0.6, and 0.8. 

III. RESULTS 

The results can best be understood in terms of the 
broadened 7 densities of states displayed in Fig. 7. In all 
cases the Fermi surfaceTies within a band and the system 
is metallic. 

A. X-ray photoemission spectra 

For a core hole created at an A site (Fig. 1), the x-ray 
photoemission spectra exhibit long tails associated with 
low-energy excitation of Fermi-surface electrons for 
x =0.2 and 0.4, but not for x =0.8 or 0.6. The reason 
for this is that the one-electron states near the Fermi sur¬ 
face are ,4-Iike for x =0.2 and 0.4. but are 2?-like for 
x =0.8 or 0.6 (see Fig. 7). Only the /1-like states are effi¬ 
ciently excited as the shock wave due to the /4-site core¬ 
hole creation, propagates outward. The 21-like electron 
states at the Fermi energy for x =0.6 and 0.8 do not 
thoroughly overlap with and couple to the /1-site core 
hole, and are not so easily excited as & result of the core- 
hole creation. Hence, the /4-site XPS lines for x=0.6 
and 0,8 do not have long tails for negative £-fcu-e cort , 
but the lines for x =0.2 and 0.4 do. (Similarly, creation 
of a 5-site core hole produces a long XPS tail for x >0.5 
but not for x <0.5, as shown in Fig. 2.) Thus we have a 
clear dependence of the shape of the XPS line on the char- 
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FIG. 2. Predicted fl-site x-ray phoioemission spectra, as in 
Fig. 1. 
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FIG. 3. Predicted .x-ray absorption, spectra ,V(£) for excita¬ 
tion of a core level at the A site, with notation as in Fig. 1. 


acter of the Fer.rii-energy electrons at the site of the core 
hole. 

The asymptotic theory of Doniach and Sunjic 4 for exci¬ 
tation of'a free-electron gas is valid for electron energies 
£ near the photoemission threshold energy E r and gives 
an XPS line shape 

/(£)oc(£ r —£) _ i+4 0(£j»—£), (11) 

where 0 is the unit step function and the exponent A is 
expressible in terms of 5/, the change of Fermi-energy 
phase shifts of an electron as a result of the potential of 
the core hole: 

A= 2 2(2/ + ‘ ^,/nO 2 . (12) 

ImO 

This asymptotic line shape does not depend on the charac¬ 
ter of density of states near the Fermi energy, except 
through the phase shifts 8/. Nevertheless, our calcula¬ 
tions, which solve a Doniach-Sunjic type of model for all 
energies (riot just for £-*£ r ), show that the extent of the 
XPS tail does indeed depend on the character of the 
Fermi-energy states. 

This behavior may have been observed in sodium- 
tungsten bronzes: Campagna et al* and Chazalviel 
el al, 9 have reported both an asymmetric W XPS line and 
ari excessively symmetric S'a Is XPS line in Na x W0 3 ; the 
latter cannot be explained by the asymptotic theory, [Eq. 
(11)J. 10 It is noteworthy that in the simplest model the 
Na states do not contribute to the conduction band; 8,9,11 
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FIG. 4. Predicted 5-site .x-ray absorption spectra. 



FIG; 5. Predicted A -site x-ray. emission spectra. 


hence the Na-like character of the Fermi-energy states in 
Na x WOj should be small—and by analogy with the 
present results we expect the Na XPS line to be quite sym- 
irietric. Hence, the present theory indicates that the large 
asymmetric tail predicted on the basis of the asymptotic 
Doniach-Sunjic theory should;not necessarily'be expected 
when the amplitude of the Fermi-energy one-electron 
states at the core-hole site is not large — because the 
electron-hole pair excitations of those states (which are re¬ 
sponsible for the long tail) cannot be efficiently achieved. 

A second interesting feature of the /1-site XPS spectra 
is the small bump for x =*0.2 and 0.4 near E-fun 
—f C ore——21£| (= | V Q \ here), which we associate with 
transitions of the electron gas that leave a hole in the 
bound state below the A band. (This bound state always 
occurs in one dimension and is caused by the attractive 
electron-hole interaction; it lies of order ss | K 0 1 below 
the band bottom.) 

The XPS spectra at the B site are especially interesting. 
The lines for x — 0.2 and 0.4 are nearly symmetric be¬ 
cause the Fermi-energy states are largely X-like and not 
efficiently excited by a £-site core hole. They are also al¬ 
most recoilless (viz., at zero energy) because the £-like 
states that are perturbed by the core hole arc unoccupied 
and therefore do not contribute to the recoil energy [Eq. 
(6)]. The x =0.4 spectrum has, in addition to its recoil- 
less peak, a weak high-energy peak asswiated with recoil: 
The on-site level at £# is pulled Mow the Fermi level by 
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FIG. 7. One-electron density of states (times 21 /? |) of 
A i „ X B X vs E (in units of 2 | /?j) for x=0, 0.2,0.4,0.6,0.8, and 
-1.0, The Fermi energies are denoted by £ f and occupied one- 
electron states are shaded. Note that the one-electron states at 
the Fermi energy are v4-like for * <0.5 and B-like for x > 0.5. 


the electron-hole interaction, becomes occupied, and con¬ 
tributes to the recoil energy. (This effect was predicted 
first for d states by Kotani and Toyozawa 12 and then, in a 
different context, by Mehreteab and Dow. 13 ) As the alloy 
composition x and the Fermi energy increase, local alloy 
configurations which lead to recoil become more probable 
and the recoil peak grows as the recoilless peak decreases 
in amplitude. For x~0.8 the Fermi energy lies within 
1 F 0 1 of e B and the recoil peak is dominant.. Bumps 
below the main peak are associated with the alloy disor¬ 
der. 

B. Absorption spectra 

The absorption spectra for the core hole on an A site 
(Fig. 3) are generally weak because of the predominantly 
B-like character of the unoccupied one-electron states. 
The strongest spectrum is for x =0.2 and corresponds w 
a case in which there is a reasonable amount of A charac¬ 
ter to the final state. 

For a core hole at a B site the absorption spectra (Fig. 
4) are stronger because the B hole couples strongly to the 
B-like unoccupied electron states. Even for x =0.2 there 
is some B character to the Fermi-energy states, and the 
absorption edge (at the left of Fig. 4) becomes more 
abrupt as x and the B character of the Fermi-en.rgy 
states increases. In general the spectra exhibit low-energy 


absorption edges and bumps at higher energy that are de¬ 
rived from the hole-perturbed bumps in the densities of 
states. [The van Hove singularity 14 at the band maximum 
is weakened both by the matrix element, Eq. (8), and the 
alloy disorder.] 

An especially interesting feature of the calculated B-site 
spectrum for x =-’l2 is its low-energy edge — which does 
not show the expected 2,3 peaked threshold behavior 
(predicted for free-electron metajs): 

X(E)<x(E—E T )~ a °Q(E—E T ) , (13) 

where £ r is the threshold energy and o 0 is th x-ray edge 
exponent. 15 Instead, the threshold line shape is very near¬ 
ly a linear, function of energy, a 0 —— 1- Such behavior is 
what has been observed for rare-gas atoms in alkali-metal 
hosts by-Flynn and co-workers, 16 and has remained a ma¬ 
jor unexplained anomaly for years. 17 The present work 
suggests that the "anomaly” may be a consequence of the 
rion-B character of the Ferini-surface states. 

C. Emission spectra 

The emission spectra for an .‘(-site core hole evolve in 
an interestin. ashion as a function of composition *. For 
small x, x =C.2, the spectrum exhibits a low-energy peak 
associated with a band-bottom van Hove singularity 14 (see 
Figs. 5 and 7) that has been partially amputated by disor¬ 
der; it.also has a high-energy edge with a peak reminiscent 
of an x-ray edge anomaly [Eq. (13), with E and E r re- . 
versed]. For x =0.4, 0.6, and 0.8, additional features as- 
sociated.with alloy disorder as manifested irrthe densities^ 
of states (Fig. 7) are reflected in the spectra. In addition, 
the x =0.6 and 0.8 spectra have weak high-energy edges 
(that are more or less ramplike functions of energy! be¬ 
cause the Fermi-energy states are B-like and do not couple 
effectively to an A hole. 

On the B site the spectra are dramatically different, 
showing bumps associated with the alloy disorder (shifted 
by the electron-hole interaction), high-energy x-ray edges 
(Eq. (13)], for x =0.8 and x =0.6 that weaken as the B 
character of the Fermi-energy states is lost with decreas¬ 
ing x. For x =0.8 there is a high-energy x-ray edge (near 
£ +e core ~0), the remnants of a van Hove singularity in 
the density of states (near E-f — |£|), and a weak 
low-energy peak (near E-f e core ss-4 |/?j) associated with 
the density of states: B character is mixed into the /(-like 
states by the alloy. The prominent x-ray edge occurs be¬ 
cause the 3 hole efficiently excites the B-like Fermi- 
surface particle-hole excitations. For x =0.6 to x =0.2, 
qualitatively similar structures appear, most of which are 
peaks shifted by the electron-hole interaction, but associ¬ 
ated with the disorder as reflected also in the densities of 
states. The strength of the emission weakens as the B 
character of the Fermi surface is lost (as x decreases). 
Also, the high-energy x-ray edge weakens and becomes 
ramplike for x =0.2. 

D. Summary 

In summary the predicted x-ray spectra of one¬ 
dimensional Af_ x B x substitutional alloys are rich in 
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features that are associated with alloy disorder, x-ray edge 
effects, and van Hove singularities. The effects of alloy 
disorder found here are probably more pronounced than 
one would find in three-dimensional alloys, owing to the 
lack of multiple paths circumventing any highly disor¬ 
dered region. Two particularly interesting features of the 
calculated spectra appear to hold promise for explaining 
some old mysteries. (i) The anomalously symmetric XPS 
lines of sodium-tungsten bronzes appear to be related to 
the fact that the character of the one-electron states at the 
Fermi energy is such that these states are not efficiently 
excited by a Na-site core hole, and (ii) the ramplike linear 
absorption thresholds of fare-gas atoms in alkali-metal 
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hosts appear to be related to the fact ihat the Fermi- 
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The electronic structures of the pseudobinary alloy semiconductors Pb|_,Sn,Te are analyzed 
using a tight-binding mode! with spin-orbit interaction. The densities of states and the band gaps 
at the L point are computed for both the effective media using the virtual-crystal approximation 
and the realistic media employing the recursion method, and the results are compared. Both 
theories exhibit alloying effects such as band broadening, energy shifts, and Dimmock's band- 
dossing phenomenon. However, significant deviations from the virtual-crystal approximation art- 
found for the cation-derived r-like deep valence-band states; 


I. INTRODUCTION 

Tim narrow-gap IV-VI semiconductor compounds and 
their pseudobinary alloys have unique properties. They 
have on the average five valence electrons per atom, 
small direct band gaps at the L point, and high static 
dielectric constants of order 10 J . They often show a 
variety of anomalous thermodynamic, acoustic, and elec¬ 
tronic properties; 1,2 Pb|_j-Sn*Te is an especially in¬ 
teresting semiconductor alloy because the symmetry of 
valence- and conduction-band edges of SnTe is reversed 
compared to PbTe and other IV-VI semiconductors: 
The conduction- and the valence-band edges have Lj 
and symmetry, respectively, in PbTe and most other 
IV-VI semiconductors, while the ordering is "Dimmock 
reversed" in SnTe. 1 '" 3 This has an interesting conse¬ 
quence: the fundamental band gap closes to zero at an 
intermediate composition x in Pb|_,Snj,Te. 3 This prop¬ 
erty of the fundamental energy-band gap vanishing for a 
selected composition means that alloys with composi¬ 
tions near this composition exhibit small band gaps that 
satisfy the special needs for infrared sources 4 and detec¬ 
tors 5 in modern technology. Therefore it is very impor¬ 
tant to understand the effects of alloy disorder on the 
electronic structures of these technologically important 
materials. 

Recently, Spicer et alf have reported experiments in¬ 
dicating the selective breakdown of the virtual-crystal 
approximation for deep’valence bands in Hg|_.,Cd„Te 
[whic'ti is a covalent semiconductor alloy containing 
“light" ( Cd) and "heavy” (Hg) atoms], and have 
identified that phenomenon as resulting from the Hg 6; 
atomic levels being significantly below the Cd 5 s levels. 
Also, Hass et at. 1 have obtained similar disorder effects 
theoretically, in Hg t ..,Cd,Te using the coherent- 
potential approximation. Da\is v has also found large de¬ 
viations from virtual-crystal behavior theoretically in 
I’bj _,Sr t S wh.rc the cat .os Pb (configuration bs'uph 
and Sr (configuration 5s '• dtfTer so rnuc’ that an average 
cation potential is meaningless. 

The present work analyzes the effects of alloy disorder 
on the electronic structures of the random alloys 
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Pb|_,Sn,Te using the recursion method with a tight- 
binding model. Pb|_,Sn A Te is an interesting material 
for this purpose because its constituent semiconductor 
compounds PbTe and SnTe have vers similar overall 
electronic structures, except for the Dimmoek reversal 
of the valence- and conductio:i-*and edges; the alloy 
contains light (Sn) and heavy (Pb) cations. Moreover: the 
electronic band structures of these materials have large 
spin-orbit splittings, and the fundamental gaps are not at 
the center of the Brillouin zone, k=0. Indeed, some au¬ 
thors believe that PbTe and SnTe are ionic rather than 
covalent materials. 5 Therefore the usual criteria- 0 for 
the validity of the virtual-crystal approximation may not 
apply. 

In Sec. II, the tight-binding model for the parent semi¬ 
conductors PbTe and SnTe is discussed, and the recur¬ 
sion method is outlined. In Sec. Ill, the results of the 
calculations are presented and discussed. Section IV 
summarizes the conclusions. 


It is well known that Pb|_ Jt Sn.,Te forms a single- 
phase pseudobinary alloy over the entire composition 
range x, with about 2% o r lattice-constant change from 
FoTe to SnTe. .Both compounds crystallize in the rock- 
salt structure with lattice constant 6.44.* A for PbTe and 
6.327 A for SnTe (Ref. II) at 300 K. The electronic 
structures of PbTe and SnTe (and other IV-VI com¬ 
pounds) have been extensively investigated th-.vetically 
and experimental). A variety of computational tech¬ 
niques such as the relativistic augmentcd-plane-wave 
(A’AVj method, 12 ” 14 the mthonormalized-planc-wave 
(OPW) method, 15 the empirical pseudopotential 
method. 1 '’” 10 and the relativistic Green’s function or 
Korringa-Kohn-Rostoker method 'KKRl (Ref. 20) have 
been used to calculate the electron!, band structur-s of 
these materials More recently, a sc it-consistent relativ¬ 
istic APW calculation for SnTe <Ref. 21) and first- 
principles pseudopoteniial total-energy calculation for 


II. CALCULATIONAL PROCEDURES 
A. Tight-binding model 
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the ground-state properties and electronic structures of 
PbTe and SnTe (Ref. 22) have been reported. Although 
considerable differences may exist concerning some de¬ 
tails, such as the parity assignments at the L point 25 and 
gap structures at; critical points (for example, some cal¬ 
culations 13,16,21 .showed a "hump stiucturc," i.e., the L 
point is not a minimum- or maximum-energy point, but 
a saddle point in SnTe), the general features of the vari¬ 
ous band structures mentioned above are quite similar. 
Concentrating on this point and the fact that the. recur¬ 
sion method takes its most convenient form-in a tight- 
binding model; we shall use in this work the empirical 
tight-bihcJihg Hamiltonian matrix elements of Lent 
et al., 1 * which are obtained by fitting the eigenvalues of 
the tight-binding Hamiltonian matrix to the experimen¬ 
tal band gap at the X,point and to band energies at sym¬ 
metry points, as calculated by Herman et a/. 15 

Since the relativistic corrections to the energies of 
heavy materials, particularly those including Pb, are 
significant, 25,26 the Hamiltonian used for band calcula¬ 
tions should include these effects. The relativistic Ham¬ 
iltonian which produces the energy-band structure has 
the following form: 12 

H -= (p : /2m) + V +H i0 + V 2 V /8m : c 2 -p 4 /8m 3 c 2 

( 1 ) 

, - _ 1 

= 2 [ | a,i,o,R)(/. e /2)L a , cr a <a,y,o’',R | -f 

K.i.j.0.0 ‘ 


where f' is the periodic crystal potential. The spin-orbit 
term which may split degenerate levels is 

H w =fio-(VXp)/-im r cr , (2) 

and the- remaining terms are the Darwin and -mass- 
veiocity terms, respectively. 

Employing the ideas of Harrison. 27 Ghadi/ 1 * and Vogl 
a/., 29 the neares^neighbor tight-binding Hamiltonian 
can be constructed, 

H 0 = 2 * \a ,i ,<t.R) E. a (a,i,<7,1\ 

R .o.i 

-f |c,/,o,R-rd)£ (if (c,i,o,R+6 | ) 

+ 2 (i a,/,a,R > F. y (c,y,a,R'-f d | 

R.R ’.u.i.j 

+ H.c.)+// 10 , (3) 

where H.c. means Hermitian conjugate, R are the lattice 
vectors, / and j are the localized quasiatomic orbitals for 
the cation and anion, a is the spin index (up or down), a 
and c refer to the anion and cation, respectively, and d is 
the position of the cation relative to the anion in any 
unit cell: d = (a t /2,0,0). The spin-ort.it interaction 
term can be described by the following Hamiltonian: 24 

ic,/,a,R>(/../2)L f , o f (c,;>',R| ] . (4) 


As a basis set, we used IS quasiatomic orbitals local¬ 
ized on each atomic site which are assumed to be mutu¬ 
ally orthonormaiized by the method of Lowdin: 30 s, p x , 
Pyi P;> d x :_ yi , d 3 .:_,.', d xy , d yt , and d., for each spin-up 
and -down state. The parameters of this model are given 
in Ref. 24, and reproduce the experimental band gaps at 
the L point 3 (0.186 eV for PbTe and 0.3 eV for SnTe) as 
well as the calculated band energies of Ref. 15 at the 
high-symmetry points T, A', and L. The resulting band 
structures are given in Ref. 24. In particular, the Dim- 
mock reversal of the band structure from PbTe to SnTe 
is correctly reproduced by the model. 

B. Recursion method 

To obtain the densities of states of Pb 1 _ x Sn,Te alloys, 
we require a theory that is capable of predicting the 
spectra characteristic of pairs and clusters of minority 
atoms, namely a theory that goes beyond the virtual- 
crystal approximation (VCA> (Ref. 31) and the 
coherent-potential approximation (CPA 1 (Refs. 6, 7. 10, 
and 32-36). We us. the re.a-sion method. 5,37 which ex¬ 
ploits the fact that the Hamiltonian matrix for the alloy 
can be transformed into a real symmetric matrix by uni¬ 
tary transformation from the old basis .;) iwith 
s=0, l, . . . ,.V, where i stands for 6,:,r/,R) to a new 
basis , vj (v=0,1,2, .. . , .V». Thus we have 


H ! v|=6 v j v— 11 -f-fl v !vj -f6 v -i |v*f 1 { . (5) 

With an initial choice of |0J and b 0 =0, this equation 
can be iterated to determine the recursion coefficients a v 
and b v (v=0,1,... ,A0 and the Green's function: 

G 00 (E)=-—--— . <6) 

E — ,5o~ 77 

D‘ 


where E ha‘ an infinitesimal positive imaginary part. In 
practice this expansion is cut off at some finite level L 
( = 51 here), and the remainder is neglected. Then the 
local densities of states for a specific site b and sym¬ 
metries / are obtained from G 0 .o by taking the imaginary 
part: ( — 1/jrlImGo.o- The choice of initial state j0|, 

0| = 2 - \b,i\o,R) . (7) 

R.o 

where ± means that each term is given a randomly 
chosen sign, yields the local densi*\ of states projected 
onto the b -ion or cation' site an . the symmetry i in a 
random alloy, and the sum of the-., local-state densities 
is the total density of states. Details of the method can 
be found in Ref. 37; computer programs for executing 
the recursion method are available. ,VI 
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III. RESULTS AND DISCUSSION 

We first caiculauuhe density of states for the perfect 
crystals PbTe an," SnTe, employing the nearest-neighbor 
tight-binding model discussed in the previous section. 
The results are shown in Figs. 1 and 2. The dot-dashed 
curve is the density of states obtained by-the-Lehmann- 
Taut ■ method; 39 fn this method, the Brillouin zone is 
decomposed into a set of tetrahedra, and the integration 
over the Brillouin zone is evaluated using ah analytic ex¬ 
pression; The solid.curve is from the recursion method. 
A 12x 12X 12-atom cluster was generated to simulate 
the.perfect infinite crystal, and the local density of states 
for each orbital i,a was calculated with periodic bound¬ 
ary conditions. 

The overall agreement between the two methods is 
very good, except .for some minor details such as the 
peak structures and the band-gap smearing; the 
differences between th.- results of the recursion method 
and the. Lehmann-Taut method are within the tolerable 
range. the;5-function-like peaks are associated with van 
Hove singularities 40 due to the long-range order The 
more or less smooth peaks in the upper valence bands 
given by the recursion method (solid curve) are partly 
due'-to-the-'finite size of the cluster and partly due to the 
limited resolution of the present method because of the 
finite cutoff at L =51. AVe determined this ay varying 
the size of the cluster and L) Another difference is that 
while the Lehmann-Taut method clearly shows the band 
gap to contain no states, the band edges are smeared in 
the recursion method. The main reasons for this are the 
limited resolution of the method and the incomplete can¬ 
cellation of the off-diagonal eiements of the Green's 
function due to the choice of randomly phased initial 
state. The band edges can be sharpened by choosing an 
initial state j Oj localized at the center of a cluster or by 
investigating the spectra! density of states (as will be dis¬ 
cussed below). In Fig. 3, the contribution of each orbital 



Energy ( eV) 


FIG. 1. The virtual-crystal-appr*' unation (do:-dashed 
curve) and the recursion-method ‘.solid curve) densi’y of states 
in PbTe, A I2x 12x 12-atom cluster with periodic boundary 
conditions was used in the recursion method. The zero of en¬ 
ergy is the valence-bind maximum. 



FIG. 2. The virtual-crystal-approximation (dot-dashed 
curve) and the recursion-method (solid curve) density of states 
imSnTe. A 12X I2x,12-at6m cluster with periodic boundary 
conditions was used in the recursion method. 


to the density of states of PbTe is displayed. The lowest 
valence band is predominantly ar.ion 5-like, and the mid¬ 
dle valence band is cation 5-like. The upper valence 
bands have dominant anion p-like character, while the 
lower conduction bands are /7-like and cation derived. 
This can be visualized by the following simple picture; 
The Pb atom has four valence electrons (6s : 6p : ) with 
free-atomic orbital energies -12.42 and —6.9* eV (rela¬ 
tive to vacuum) for s and p orbitals, respectively, and the 
Te atom has six valence electrons (5s : 5p 4 > with orbital 
energies —19.05 eV (5s) and -9. n 9 eV (5p). 41 The two 
5s electrons of Te, which have the lowest orbital ener¬ 
gies, form an isolated valence band deep in energy, and 
the two 6s electrons of Pb form a middle valence band; 
the two 6 p electrons of Pb and the four 5 p electrons of 
Te interact with each other to form bonding (valence 
band) and antibonding (conduction band) bands. There- 
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FIG. 3. Local density of states for cation 'dot-dashed curve) 
and anion (solid curve) calculated by the recursion method in 
PbTe. 
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FIG. 4. Local density of states for cation (dot-dashed curve) 
and anion (solid curve) calculated by the recursion method in 
ShTe. 



FIG. 6.. The virtual-crystal-approximation (dot-dashed 
curve! and the recursion-method (solid curve) density of states 
in Pb t i <Sno.6Te. A 12 X12 X 12-atom cluster with periodic 
boundary conditions was used in the recutsion method. 


fore, alloying PbTe and SnTe, which is equivalent to dis¬ 
tributing Pb and Sn atoms randomly oh cation sites, has 
the largest effect on the cationlike middle valence band. 
The characteristics of the iocal density-of-states struc¬ 
ture in SnTe are similar to those of PbTe (see Fig. 4); the 
5s and 5 p free-atomic orbital energies of Sn are at 
— 12.97 and —7.21 eV, respectively. 

We generate a model of the random alloy Pbj_ x Sn x Te 
by randomly occupying cation sites by either Pb (with 
probability 1-x) or Sn (with probability x ), while all 
anion sites are occupied by Te. The matrix elements of 
the alloy Hamiltonian are derived from those of PbTe 
and SnTe as follows: On cation sites, we use either PbTe 
or SnTe matrix elements, depending on whether the site 
was occupied by Pb or Sn. On Te sites, we average the 
PbTe and SnTe matrix elements, weighting the average 
in proportion to the number of neighboring Pb and Sn 
atoms to the Te. Then the densities of states for 


Pb> t Sn.Te are calculated using both '.he virtual-crystal 
approximation and the recursion method for a number 
of compositions x. Again, the density of states is ob¬ 
tained by the use of the Lehmann-Taut method in-the 
virtual-crystal approximation, and a I2x 12x 12-atom 
cluster is used in the recursion method with periodic 
boundary conditions. In order to avoid sampie- 
dependent results, we repeated the calculations for five 
different alloy configurations of 12 3 atoms, and averaged 
the densities of states. The results are shown in Figs. 
5-8. The solid curves represent the recursion density of 
states, and the dot-dashed curves are for the virtual- 
crystal approximation (VCA) results. Both the virtual- 
crystal approximation and the recursion density of states 
show the alloying effects, i.e., energy shifts and width 
changes of the density-of-states peaks. However, 
analysis of the middle valence band near -7 eV, which 
has the greatest alloying effect.'-, clearly reveals the 
differences between the predictions of the two 
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FIG. 5. The virtual-crystal-approximation Mot-dashed 
curve) and the recursion-method (so j curse) densits of states 
in PbcsSnn-Te. A 12- ,2X 12-atom cluster with periodic 
boundary conditions was used in the .ccu,...on method. 


FIG. 7. The virtual-crystal-approximation (dot-dashed 
curse) and the recursion-method isolid curse) density of states 
in I'bn ; Sn,, s Te. A 12- I2X 12-atom ciusti-r with periodic 
bound.tr> condition was used in the recursion method. 
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FIG. 8. The virtual-crystal-approximation (dot-dashed 
curve) and the recursion-method (solid curve).density oftstates 
in Pb 0 .«Sn 0 . 4 Te. A 12x 12x 12-atom cluster with periodic 
boundary condition was used in the recursion.method. 


methods—the effect of disorder. This band is a doublet, 
with its low- and high-energy components due to Pb and 
Sn s states, respectively. 

Since the bands that exhibit the alloy effects which are 
bVydfrd' the virtual-crystal approximation are cation f* 
like in character, spin-orbit coupling does not produce 
any novel features in the spectra of Pb|_ Jt Sn J[ Te, beyond 
the spin-orbit features found in PbTe, SnTe, and a 
virtual-crystal theory of Pb t _,Sn,Te. 

Fortunately the results we find agree rather well with 
what is expected, based on the Onodera-Toyozawa 
theory of alloys 10 —despite the fact that theory, to our 
knowledge, has not been applied previously to alloys 
with fundamental band caps at the L point of the Bril- 
louin zone. The density-of-states spectra of the alloys 
exhibit some features that are “persistent” and others 
that are “amalgamated" in the terminology of Ref. 10. 
The persistent features are associated with the cationlike 
middle valence bands: the Pb 6s-like and Sn 5s-like 
bands that retain their chaiacters in the alloy because 
the perfect-crystal bands do not overlap in energy. The 
remaining bands are amalgamated and tend to form hy¬ 
brids of the PbTe and SnTe bands rather than exhibit 
separate PbTe- and SnTe-like bands. This amalgamation 
occurs because the PbTe and SnTe bands overlap in en¬ 
ergy, and hence mix in the alloy. 10 Bands that fall 
within this amalgamated regime can generally be de¬ 
scribed, in a first approximat'm, by the virtual-crystal 
approximation. 

Although it is straightforward to include a valence- 
band offset in the calculation by adding a constant ener¬ 
gy to all of the diagonal matrix elements of eithe*' PbTe 
or SnTe 'by construction, the matrix elements of Ref. 24 
place the zero of energy at the valence-band maximum), 
we have not done so here because the offset is thought to 
be small (of order 60 meV). ,: almost neg.igible on the 
scale of the figures. 

It is well-known that the fundamental band gap of 
Pb)_.,Sn,Te closes at some intermediate composition be¬ 
cause of the inverted band structure of SnTe. We calcu¬ 
lated E(L£ ) of Pb!_,Sn,Te a. a function of 



PbTe Pb^SnjTe SnTe 

Composition x 

FIG. 9. The band gap £(£f )—E(Li) of Pb|_,Sn x Te vs 
composition x. The solid circles (triangles) are obtained using 
the virtual-crystal approximation (the recursion method), and 
the solid line represents the interpolation of Pbfe and SnTe ex¬ 
perimental results of Ref. 3. 


composition x by diagonalizing the virtual-crystal empir¬ 
ical tight-binding Hamiltonian (solid circles in Fig. 9). 
Also the corresponding quantity can be calculated using, 
the recursion method. In alloys, the translational sym¬ 
metry is broken, thus the wave • cctor & is not a good 
quantum number. However, we still can define the 
spectral-density functions analogous to those of the per¬ 
fect crystal by the following:® 

<4(k,£)= -(1/ir) lim Im<6,f,a,k! G(E +ie )! b,i,cr, k), 
(—0 

( 8 ) 

where | b,i,cr, k) is a normalized Bloch sum over all unit 
cells of orbital / with spin a on each atomic site b (anion 
or cation). Then the position and broadening of the 
peak represents the energy shift and damping of a par¬ 
ticular quasiparticle state of energy E and wave vector k. 
Since L 6 ~ [L* ) has anion 'cation) /?-like char \cter. a 
Bloch sum of (p*4*p y +P:)/ v/ 3 on each anion nation) 
site at the L point is chosen 3S the initial state |0) for 
L£ (if), and the spectral density of states A lk,£) is 
calculated. Then the gap is defined by the differences in 
the peak values of A(k,E), i.e., E(L^ )—E(L*). The 
theoretical predictions are shown also in Fig. 9 'solid tri¬ 
angles) in comparison with a linear interpolation of the 
experimental band gaps of PbTe and SnTe (Ref. 3) (solid 
line). The theoretical uncertainty in £(Z. h - )-£(£^ ) is 
:0.02 eV for 0<x < 1. The calculated band gap is al¬ 
most .. linear function of composition x and compares 
well with the experimental results. 

IV. SUMMARY 

The electronic structures of Pb|_,Sn,Te alloys, in¬ 
cluding their parent semiconductor compounds, have 
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been analyzed using the tight-binding model withspih- 
orbit interaction. The densities of states were computed 
for both the effective media using the virtual-crystal- ap¬ 
proximation and the realistic media employing the recur¬ 
sion method, and the results were compared. As expect¬ 
ed, both theoric„ exhibited alloying effects such as band 
broadening and energy shifts. However, the two 
methods differed in their predictions for the catiorir 
derived .J-like states, which experienced the greatest al¬ 
loying effect. The alloy composition dependence of the 
band gap at the L point was analyzed, and exhibi s 
Dimmock’s band-crossing phenomenon. The above facts 
show that the recursion method is a useful toof for, the 
study of the electronic structure of random Pb|i. x Sn x Te, 
and in particular for the>cationlike middle valence band. 
However, they also show that the virtual-crystal approx¬ 
imation provides a remarkably good description of the 
electronically important top valence and bottom conduc¬ 


tion bands. Finally, they demonstrate that the 
Onodera-Toyozawa criteria can be applied to 
Pbj _ x Sn,Te,. even though these alloys have their funda¬ 
mental band gaps at L: the cationlike r-like middle 
valence bands are persistent while the top valence band 
and lowest conduction band are amalgamated. 
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We review, theoretical interpretations of.Schottky barriers an i Fermi-level pinning, which result 
when metals and other chemical species are deposited on semiconductor surfaces. Experiments 
indicate that these two phenomena are closely connected, so a theory of Schottky barriers must 
also explain Fermi-level pinning for submonolayer coverages of both metallic and nonmetallic 
species. Proposed mechanisms include the following: (a) Intrinsic surface states. For GaAs and 
several other materials, there are ho intrinsic surface states within the band gap; GaP, e.g., does 
have surface states in the gap, but they are not at the correct energy to explain Schottky barrier 
formation., (b) Metal-induced gap states. These states, which require a thick metal overlayer, 
cannot explain Fermi-level pinning at subnionolayer metallic coverages. They also cannot explain 
why a single semiconductor (n-type InP) exhibits two distinct Schottky barrier heights. 
Furthermore, they cannot explain why the Schottky barrier persists when there is an oxide layer 
between semiconductor and metal. Metal-induced states can in principle give rise to Schottky 
barriers at defect-free interfaces, but they fail to explain much of the existing experimental data for 
III—V semiconductors and Si. (c) The classic Schottky model. This model is not in agreement with 
experiment for III—V and Group. IV semiconductors, .but does appear to account for the 
measurements involving nonreactiye metals on GaSe—a layered material expected to be 
relatively free of defects, (d) The Spicer defect model. This phenomenological model, now 
supported by microscopic theoretical studies, appears to account for many of the observations 
regarding Schottky barrier and.Fermi-level pinning. We review bur theoretical investigations 
within the framework of the defect model, which provide a satisfactory explanation of the 
principal observations for both III-V and Group IV semiconductors. We conclude that the levels 
responsible for Schottky barriers and Fermi-level pinning arise from two sources: (1) bulk-derived 
deep levels (e.g., the deep donor level for the antisite defect Asq,, which persists when this defect is 
present at the surface, but which is shifted in energy), and (2) dangling-bond deep levels (which are 
also shifted in energy according to the environment of the dangling bond). Most of the observed 
Schottky barriers—for both III-V and Group IV semiconductors—are attributed to dangling 
bonds. 


I. INTRODUCTION 

Schottky barriers have long been of interest, and many mi¬ 
croscopic mechanisms and phenomenological pictures have 
been hypothesized to explain them. Nowadays, however, the 
theorist is considerably more constrained by the body of ex¬ 
perimental findings than he was only a few years ago. It is no 
longer sufficient to offer a theory that fits only a limited set of 
Schottky barrier data. A theory now must also explain the 
related data on Fermi-level pinning at submonolayer cover¬ 
ages of various metals and other chemical species. 1 * 15 For 
example, the experiments of Williams and co-workers 5 ' 7 in¬ 
dicate that n-lnP exhibits two distinct Fermi-level pinning 
positions, even for thick metal depositions—one just below 
the conduction band edge E e and the other about 0.5 eV 
below £ f . Recently Mbnch and Gant 11 discovered that the 
l‘i; .ii-level pinning forp-GaAs anneals out at the annealing 
temperature of an antisite defect. A satisfactory theory of 
Schottky barriers must explain such obsen ations in addition 
to successfully predicting Schottky barrier heights. 


Here we review various microscopic mechanisms that 
have been proposed to explain Schottky barriers and Fermi- 
level pinning, and we exan me to what extent these mecha¬ 
nisms are compatible with the experimental data. 

II. POSSIBLE mechanisms 
A. The classic Schottky mechanism 

The original interpretation of Schottky barriers—that 
which is associated with Schottky himself (and other early 
workers)—is tha; charge transfer between semiconductor 
an ! metal results in a dipcie layer at the interface and an 
equilibration of Fermi energies. According to this interpre¬ 
tation. we have 

t B = ff'-X- W 

where c B is the barrier height, W is the work func . >n of the 
metal, and x is the electron affinity of the semiconductor. 16 
Equation (1} is violated for III-V and Grotm IV r imicenduc- 
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tors, 2 * 15 and this is essentially, the reason that Bardeen ori¬ 
ginally proposed Fermi-level pinning by surface states of 
semekind. However, Eq. (1) may be consistent with the mea¬ 
surements for some more ionic systems, such as some II- 
VI's, and for relatively nonreactive metals (the noble metals, 
Au and Ag) on GaSe. Since GaSe is a layered material ex¬ 
pected to have a low concentration of defects, this observa¬ 
tion indicates that nearly defect-free surfaces can exhibit 
"Schottky" type Schottky barrier formation. 

B. Fermi-itvti pinning 

Bardeen proposed that Schottky barrier heights are due to 
Fermi-icvel pinning by surface states, either intrinsic or ex¬ 
trinsic. 1 The essential feature of the Bardeen model is that 
the Fermi energies of the bulk semiconductor, the semicon¬ 
ductor surface, and the bulk metal must align—and that 
charges diffuse; causing band bending, until this alignment is 
achieved. Much of the current: interpretation of Schottky 
banier formation is based on this Fermi-level pinning mod¬ 
el—with many of the current controversies centered oh the 
issue of what agents do the Fermi* level pinning at specific 
metal/semiconductor contacts prepared under specific well- 
defined conditions 

7. intrinsic surface states 

Since the mid- 1970’s, it has been known that there are no 
intrinsic surface states in the band gap for the (110! surface of 
GaAs, 17 * 19 and sc such states cannot account for the ob¬ 
served Schottky barriers and Fermi-level pinning on this 
surface. This - .-.me conclusion appears to apply to other di¬ 
rect-gap lit-V semiconductors like InP. In the case of GaP, 
there arc intrinsic (1101 surface states within the band gap, 20 
but these states are just under, the conduction-band edge, 
whereas the observed Fermi-level pinning position for n- 
GaP (110) is much lower in the band gap—at an energy in 
good agreement with the predicted acceptor level for the 
surface antisite defect P Q ,. 21 

2. Metal-induced gap states 

The possibility of metal-induced gap states at semicon¬ 
ductor/metal interfaces has been discussed by a number of 
workers. 16,22 * 30 Such states should be properly treated 
through a microscopic calculation in which semiconductor 
atoms are bonded to metal atoms. Only a calculation of this 
kind—with the interface electronic states obtained by solv¬ 
ing Schrodinger’s equation at the semiconductor/metal in¬ 
terface in an atomistic picture—constitutes a proper micro¬ 
scopic theory. Some treatments of metal-induced gap states, 
however, have been based on plausibility arguments or very 
crude approximations, <vith a consequent loss of reliability. 

In principle, metal-induced gap states can produce 
Schottky barriers and Fermi-level pinning. In practice, how¬ 
ever, they do not seem to explain the observations on those 
systems that have been studied up until now. There are sev¬ 
eral difficulties in trying to explain the observations with 
metal-induce i states: (1) There is a clear connection between 
Schottky bar iers for thick metal contacts and Fermi-level 
pinning for submonolayer coverages of metal 2 * 15 ; i.e., a the- 


11(3 

ory of the former is also required to be a theory of the latter. 
Metal-induced gap states, however, are supposed to extend 
into the bulk of the metal, and so they are not even definedfor 
.^monolayer coverages. (2) Theories of metal-induced states 
predict a single barrier height for each semiconductor, al¬ 
most independent of the metal in the metal/semiconductor 
contact and insensitive to surface treatments. They, there¬ 
fore, fail to explain why two distinct Schottky barrier heigh ts 
are observed for n-InP. 5 * 7 (3) Schotiky harrier heights are 
often not very much affected when an oxide layer is inserted 
between the semiconductor and the metal (see, e.g;, Ref. S), 
whereas metal-induced gap states require an intimate semi- 
conductor/metal contact; j.e., metal-i. duced gap states do 
not,appear to explain real-world Schottky barriers, which 
often involve an oxide layer at the interface. (4) Metal-in¬ 
duced states do not apply to semiconductor/nonmetallic in¬ 
terfaces, like the GaAs/oxide interface, which exhibits ’he 
same Fermi-level pinning as metals. 2- *- 8 * 14 (5) The states as¬ 
sociated with any adsorbate—metal or otherwise—cr h be 
expected to depend strongly on the chemical identity '/the 
adsorbate. Fermi-level pinning positions and Schottky bar¬ 
rier heights, however, are often about the same for a variety 
of adsorbates. 1 * 15 (6) Estimates indicate that the dipolepro- 
duced by metal-induced gap states will often be at: least an 
order of. magnitude too small to account for the S cho ttky. 
barrier height. 31 (7) The Fermi-level pinning for p-GaAs 
(110) anneals out at the annealing temperature o>' an antisite 
defect 1 '—a fact that is difficult to explain in a metal-induced 
gap-state picture. 

3. The Spicer defect model 

The fact that measurements on several III—V semiconduc¬ 
tors (GaAs, InP, and GaSb) provided strong evidence for 
Fermi-level pinning—together with the fact that experi¬ 
ments also indicate that these materials have no intrinsic 
surface states within the band ga:'—led Spicer and co- 
workers 2- * to propose the defect model. In th ; s model, che¬ 
misorption (or cleavage) produces defects of some kind, and 
these defects g- .-e rise to deep (or shallow) levels that account 
for the observed Fermi-level pinning and Schottky barrier 
formation. 

The original Spicer defect model was phenomenological, 
and did not specify the precise nature of the defects responsi¬ 
ble for barrie r formation. Over the past several years, we 
have attempted to provide a microscopic theory by perform¬ 
ing detailed calculations for particular defer* . 32- * 4 We find 
that the principal experimental observations are well ex¬ 
plained by the theoretical results fo* a few simple defects. 

For example, I 1 shows the interpretation of the ob¬ 
served Fermi-level pinning positions and Schottky barrier 
heights for various metals and other chemical species depos¬ 
ited on the (110) surface of «-InP. 5 The fact that there are two 
observed barrier heights for this single semiconductor finds 
a natural explanation in the defect model—namely, there a,e 
two different native defects involved (in addition to possible 
surface impurities): Nonreactive metals produce antisite de¬ 
fects, and reactive netals produce vacancies 37 ’ is the domi¬ 
nant defects. The observed "swishing" of barrier heights 
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Flo. 1. Surface Fermi energy of /t-type InP vs heat of reaction of InP'Jrith 
the metali Ni, Ft, Al, Cu, Ag, and Au. according to Ref. S, The theoretical 
surface defect levels for the ? vacancy ( v ,), the native antisite defects (In, 
and P ta ), and the extrinsic impurities S on a P site (S r ) and Sn on an In site 
(Sn ta ), are given at the right. The n-InP data can be interpreted as follows: 
Nonreactive metals produce antisite defects: reactive metals and treatment 
of the surface with oxygen and Cl produce P vacancies. Treatments with Sn 
and S produce surface Sn,. and S r . After Refs. 37 and 38. 


shown in Fig. ! provides an initial but crucial test for any 
theory of Schottky barriers. 

In F:g. 2; the experimental 2 “ ,a *" and theoretical 33 levels 
for GaAs (110) are compared. Notice that there are again 
two acceptor levels predicted by the theory for surface anti¬ 
site defects, in accordance with the experimental observation 
of two distinct Fermi-level pinning positions for the single 
semiconductor n-GaAs. 9 * 11 

In Fig. 3, we show the comparison of experimental and 
theoretical Schottky barrier heights, with the barrier (for Au 
contacts) assigned to the surface antisite defect, cation-on- 
anioh-site (e.g., Ga*,). The level of quantitative agreement is 


GaAs, GaAs surface 
experlnnent --——- - 


cnemiiorotion "clMvjge AS Ga * 

-rtiatw" Ga AS 

Flo. 2. Experimental Fermi-I.vel pinning positions forn* and p-type GaAs, 
(Refs. 2-4 and 8-11) compared with theoretical predictions for surface anti¬ 
site defects IAsq, and Ga Al ). Solid circles refer top-type GaAs (experiment), 
or to donor levels which will produce Fermi-level pinning on p-GaAs (the¬ 
ory); open circles refer to n-GaAs, or to acceptor levels which will produce 
pinning on n-GaAs. 



Fic. 3. Schottky barrier height 4 t as function of alloy composition x for Au 
contacts to n-type Al, .,G*,As, GaAs,_,P„ G», _,ln,P, lnP,_,As„ 
and In,., Ga, As, after Ref. 39. where the source of the experimental data 
are cited. The tlteoretiu^ -tier heights correspond to the antisite defect 
cation-on-anion-site (e.g., Oa M ). 


fortuitously good, in view of the fact that there are uncertain¬ 
ties in the theory of several tenths of an eV; i.e„ we do not 
claim that the theory can predict Schottky barrier heights to 
within 0.1 cV! However, we regard Fig. 3 as dramatic evi¬ 
dence that he defect model docs provide a very satisfactory 
explanation of Schottky barrier heights as well as Fermi- 
level pinning. 

As the above examples make clear, the theory indicates 
that most observations of Schottky barriers and Fermi-level 
pinning for III—V semiconductors are explained by surface 
antisite defects (with vacancies also involved in a few cases). 
The antisite defects’ deep levels that are responsible ‘or Fer¬ 
mi-level pinning invariably have dangling-bond character. 
For Group IV semiconductors, however, there are no anti¬ 
site defects. In this case, an even simpler type of the defect 
suffices to explain the observations—namely, dandling 
bonds. These dangling bonds must have a neighboring voiu, 
vacancy, or disordered region into which they dangle; other¬ 
wise, their energy levels would be severely altered by the 
metal of the metal/semiconductor contact. Therefore, we 
refer to them as ‘'sheltered,” 3 * and recognize that a sheltered 
antisite defect is essentially a (vacancy, antisite) pair. 

As described in some detail in Refs. 40-43, dangling 
oonds provide a very good explanation of the experimental 
measurements for Si, Ge, diamond, and amorphous Si inter¬ 
faced with various metals. 45 * 51 For example, on the right- 
hand side of Fig. 4 we compare the theoretical dangling bond 
energy with the experimental Fermi-level position for 
Group IV semiconductors (inferred from the Schottky bar¬ 
rier height 6 a for Au contacts, as described in the figure 
caption). It can be seen that there is good agreement between 
theory and .aperiment, with espect to both chemical trends 
and the po tion of the erergy within the band gap. - This 
same level of quantitative and qualitative agreement is found 
for various other systems—notably, for the technologically 
important Si/transition-metal-silicide contacts. 40 

In Fig. 4, we also show the cation dangling-bond energies 
for III—V semiconductors, together with the experimental 
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Fic. 4. Surface Fermi energy for /r-type semiconducti-s, inferred from 
Schottky barrier measurements (using 4, m E* — £f, where <i, is the bar* 
rier height, and Ef and £f are; respectively,.the conduction band mini* 
mum and the Fermi energy at the semiconductor surface), compared with 
the surface Fermi energy predicted for dangling bond defects; The sources 
for the data are cited in Refs. 39 (III-V semiconductors) and Ref. 42 (Group 
IV semiconductors). Both the chemical trends and the positions within the 
band gap are predicted correctly for the Group IV semiconductors. For the 
III-V semiconductors, the chemical trends are predicted correctly, but the 
positions within the band gap are too high b> 3/4 eV. This indicates that t.'.e 
relevant dangling bonds are associated with antisite defects for the HI—V‘s, 
whereas simple dangling bonds explain the data for the Group lV's. 


surface Fermi-level positions (inferred from the Schottky 
barrier data displayed in Fig. 3). Since the cation dangling 
bond state is empty (an acceptor), it would provide Fermi- 
level pinning on n-type III-V semiconductors if dangling 
bonds .were responsible for Fermi-level pinning on these ma¬ 
terials. (The anion dangling-bond state is filled—a donor— 
so it would provide pinning onp-type III-V’s.) 

Two interesting facts are evident on the left-hand side of 
Fig. 4: (1) The cation dangling bond does a remarkably good 
job of reproducing the chemical trends of the measurements. 
(2) However, it does a rather poor jcb of reproducing the 
positions of the measured e:.ergies within the gap. In fact, 
the cation dangling-bond erergy is about 3/4 eV too high to 
explain barrier heights and Fermi-level pinning on «-type 
III-V semiconductors. 

Although we do not display the results here, we have also 
calculated the anion dangling-bond energies. 32 These are 
found to be too low by about 3/4 eV to explain barrier 
heights and Fermi-level pinning on p-type semiconductors. 

Although intrinsic dangling bonds do not appear to pro¬ 
duce deep levels in agreement with the measurements on 
III-V semiconductors, it is important to emphasize that the 
levels that w e invoke to explain Schottky barriers and Fermi- 
level pinning—for example, the levels of Figs. 1-3—are in 
most cases due to antisite dangling bonds. We note that the 
antisite dangling-bond energies typically “undermine” the 
intrinsic dangling-bond energies, in tha: the antisite acceptor 
levels lie lower than the intrinsic dangling-bond acceptor 
levels, and it is the lowest acceptor level that tends to produce 
Fermi-level pinning for an n-type semiconductor. (For ex¬ 
ample, compare the GaAs cation dangling-bond gap deep 
energy level of Fig. 4 with the lower GaAs antisite dangling- 
bond level (lower open circle) of Fig. 2.) 

In order for a defect to be relevant to Schottky barrier 


ties 

formation, of course, it must be present in appreciable con¬ 
centration, This means about 1 surface defect per 100 surface 
atoms, according to oiir calculations and those of Spicer e/ 
a/. 3 -' (For bulk defects, the screening of the semiconductor, 
with dielectric constant 10, implies that an order of mag¬ 
nitude more defects are needed—about 1 bulk defect per 10 
surface atoms. 34 ) However, we do not find it implausible that 
there may be a rather high concentration of intrinsic and 
antisite dangling bonds at the rather disordered—and, un¬ 
fortunately, not yet completely characterized—interfaces 
between III-V semiconductors and metals. In fact, Monch 
etal. n find thai for the “mild” Ge on GaAs system, at low 
coverage (~0.5 monolayer), states (defects) are created at a 
rate of 0.06 ± 0.04 per deposited Ge atom, which for a cov¬ 
erage of on'y a single monolayer corresponds to between 1 
defect in 10 and 1 defect in 50. If III-V semiconductor/ 
metal interfaces exhibited perfec t bonding and perfect order, 
then the defect model would be inapplicable. However, as 
evidenced above, we believe that such interfaces are not in 
fact perfectly ordered as they are grown currently in ‘.he 
laboratory. 

III. CONCLUSIONS 

The present theory of Schottky barriers and Fermi-level 
penning by native defects provides a very satisfactory expla^ 
nation of the experimental observ ations for both III-V and 
Group IV semiconductors. This theory involves two types of, 
defect levels: 

(1) Bulk-derived interfacial defect levels, such as the 
As g , donor level of Fig. 2. This s-like level is derived 
from the bulk As a , A, donor level, 32 and is merely shift¬ 
ed in energy at the surface. 33 

(2) Dangling bond levels. The observations for Group 
IV semiconductors—Si, Ge, diamond, and amorphous 
Si—are explained by intrinsic dangling bonds. 40 "* 3 The 
observations for III-V semiconductors—GaAs, InP, 
etc., and their alloys—are explained in most cases by 
dangling bonds associated with antisite defects, such as 
As on the Ga site and Ga on the As site. In some cases, 
such as reactive metals on «-InP, surface vacancies— 
which involve intrinsic dangling bonds—appear to be 
involved. 

Our theory of Schottky barriers is thus primarily a theory 
of Fermi-level pinning by dangling bonds. 
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Predictions of the cneigyband gaps as functions of alloy, composition are given for the Greene al¬ 
loys, which are metastable, crystalline, substitutional alloys of III-V compounds and group-IV eie* 
mental materials. All possible combinations (.f these alloys involving Al, Ga, In, P, As, Sb, Si, Ge, 
and Sn are considered. The T and L conduction-band minima, relative to the valence-band maxima, 
exhibit characteristic V-shaped bowing and kinks as functions of composition x; the band edge., at 
point -V bifurcate at critical compositions cot responding to the order-disorder trans' ion of Newman 
ct al. The V-shaped bowing due to the transition offers the possibility of band gaps significantly 
smaller than expected on the basis of the conventional virtual-crystal approximation. Alloys with 
modest lattice mismatches that are predicted to have especially interesting band gaps include 
;inP)|_ I Ge 1I . (AlSb)|_iSn ;i , (GaSb)j_,Sni 1 , and (InAs)|_,Snv,, which are alloys with potentially 
small band gaps, and (AlAsl^jGei, and (GaAs)|_j,Si.,, whjch are alloys with larger gaps and 
several interesting band-edge crossings as functions of composition. 


I. INTRODUCTION 

Recently, Greene and co-workers have fabricated a new 
class of semiconducting (/f I!1 2? v )|_ ; yA'£ alloys for a wide 
range of compositions. 1 The III-V compounds and 
group-IV elemental materials are normally immiscible at 
equilibrium, 5 but can be forced to mix by ion bombard¬ 
ment during growth. The tesulting material, in the case 



FIG. 1. Predicted bam! gaps at points T, L, and X versus al¬ 
loy composition for <GaSo i_,Sn-,. Rinks are s-cn in the T and 
L levels and the level at point X bifurcates at the assumed criti¬ 
cal composition of Newman's zinc-blende-to-diumond phase 
transition, ,v c ---0.3. The gap is direct for all compositions, 
ranges from ==0.6 to zero and decreases slowiy as a function of 
composition from 0.15 -V to zero for compositions greeter than 
the critical composition. 


of (GaAs)i i . x <3e’x or (GaSblt^Geix, is a metastabie, 
crystalline, substitutional alloy with a lifetime at room 
temperature of order 10 :9 years. 6 The fundamental energy 
band gap of (GaAs) 1 _ x Gcv r has been determined from 
optical-absorption measurements and shows a nonparabol- 
ic V-shaped bowing as a function of alloy composition a: 
(Ref. 7). A V-shaped band gap cannot be -xplained using 
the conventional virtual-crystal approximation, which 
gives approximately parabolic r 'wing. This V-shap'" 1 
bowing is explained, however, with a zinc-blende-to- 
diamond, order-disorder phase transition. 5 

A theory for this transition has been developed by New- 
man et n/. 5-10 and applied to (GaAs)|_ x Ger,. As seen in 
Fig. I, where the theory is evaluated for the conduction- 
band minima near points T, L, and X for (GaSbli^Snv,, 
the fundamental band gap exhibits a V-shaped bowing as 
a function of composition, with a kink a: the critical com¬ 
position x e . This theory also gives smaller gaps than 
those of the conventional virtual-crystal approximation. 

In this paper we apply this theory to the entire class of 
(/! ll ','J , ') 1 _j t A'vi alloys involving all possible combinations 
of Al. Ga, In, P, As Sb, Si. Ge. and S-., arid we predict 
the energy band edges for the--e new metastabie materials 
as functions of alloy composition at. We also establish 
general rules for understanding the chemical trends in the 
band gaps and for choosing a metastabie (// m 2? v ) 1 _ :t A'£ 
alloy with a desired energy band gap. 

II. THEORY 

The central idea of the present work is that all of the 
(.•l 111 ^'i|_ x A'; x m„:jMable alloys should exhibit an 
order-disorder transition from an ordered zinc-blende 
structure tin which cations "know" which sites are sup¬ 
posed to be cation sites) to the disordered diamond struc¬ 
ture in which there is no distinction between anion and ca¬ 
tion sites. The critical composition .x c at which this trail- 
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siiion occurs depends on the growth conditions of the al¬ 
loy. 

In developing a theory of the electronic structures of 
these alloys, we must remember that very little is present¬ 
ly known about these new and interesting materials. 
Many of the metastable alloys have not yet been grown; in 
most cases, satisfactory growth conditions are not yet 
known; and it is not yet definitely known if any of the 
Greene alloys other than (GaSb)|_ x Ge 1( exhibits the 
order-disorder transition [which should be detected in x- 
ray diffraction as the disappearance of the (200) zinc- 
blende spot as x approaches x c from below]. 11 These 
facts are important in defining the nature of the theory 
that is appropriate at this time; it should be global and 
simple, rather than detailed and excessively quantitative. 
With this in mind, we assume both that all of the Greene 
alloys exhibit the Newman et a!, transition, and that there 
exist growth conditions that will result in a critical com¬ 
position x c =0.3, the value appropriate for the two alloys 
grown to date by Greene and co-workers: {GaAs)|_,Gev, 
and (GaS^i^Ge^ (,v f is probably experimentally adjust¬ 
able). 12 We then predict the band structures (as functions 
of alloy composition x) of the remaining (A m 5 v )A'2i 
metastable alloys with the intent of determining which al¬ 
loys are likely to exhibit interesting and useful electron!e 
structures—thereby targeting specific alloys for priority 
growth. Thus, we present these calculations ir.‘ order to 
predict which materials are most likely to be interesting, 
rather than pretending to specify the band structures with 
any precision. 

A. Order-disorder transition 

The order-disorder transition involves a change of sym¬ 
metry from the zinc-bie::de structure to the diamond- 
crystal structure. In this transition, the distinction be¬ 
tween anion and cation sites is lost. The relevant order 
parameter is: 9 

M{x)~ {P m ) ca ij on — (> in ) a mon t d) 

where we imagine a zinc-blende lattice with sites labeled 
nominally "cation" and "anion," and (Pm ^ C a«ion is the 
average over all the lattice sites of the prebmility that a 
column-III atom occupies a nominal catio:. site. Thus 
Mix) is proportional to the average electric dipole mo¬ 
ment per unit cell. The order parameter depends on the 
growth c mditions ts.g„ substrate temperature, ion- 
bombardment energyf as well as on the composition .v. 
For a completely ordered zinc-blende alloy, in which all 
coiumn-lll (column-Vj atoms occupy nominal cation 
(onion 1 sites, we have M = 1 -x. If all the cations are on 
anion sites and the anions arc rr cation sites, we have 
merely mislabeled the nominal lattice and the order pa¬ 
rameter is .v — 1. For the metastaole ordered p- use 
(at <.v f =0.3), we have 0< ,Mix> '• < 1 — x. For the 
disordered diamond phase (.v >.v f ), we have M =0. 

The tiieoictical problem nosed b> the Green, alloys is 
that of prcwtmg the ei- : ic structure of metastable al¬ 
loys wroch are described In the order parameter M'x). 
Thus, Atf moM first execute a nonequilibrium phase- 
transition t!. of and then calculate tIs.* changes 
of the electrode structure as the alloys 'with different 


composition x) undergo the order-disorder transition. 
Newman showed that this formidable problem could be 
solved by breaking it into four connected parts: (i) ah 
equilibrium phase-transition theory of the order parame¬ 
ter Mix), based on a three-component "spit:”- 
Hamiltonian model similar to the Illume, Emery, Grif¬ 
fiths model 13 of Hc'-He 4 solutions. [Spih-up, spin-down, 
or zero at a site in (GaAsi|_,Ge Ja signifies occupation of 
that site by Ga, As, or Ge, respectively.] fii) Introduction 
of the nonequilibrium character of the alloys by eliminat¬ 
ing those equilibrium phases that cannot be reached due 
to growth conditions (e.g.. phase separation, which occurs 
at equilibrium, is prevented because characteristic growth 
times are small in comparison with the time required for 
the phases to diffuse apart); tiii) mutual elimination of 
two unknown parameters of the spin-Humiltonian model; 
i.e., a spin-coupling const: nt J and an effective growth 
temperature T, in favor of one empirical parameter, the 
critical composition x f ; 14 and (iv) evaluation of the elec¬ 
tronic structure using a modified virtual-crystal approxi¬ 
mation and a tight-binding model !i whose matrix ele¬ 
ments depend parametrically on the order parameter 
Mix\x e ). Thus, in the Newman approach there are two 
Hamiltonians: (i) a spin-Hamiltonian for treating the 
order-disorder transition and for calculating the ot >er pa¬ 
rameter Mix:x c ) and fi) an empirical tight-binding 
Hamiltonian—that depends parametrically on 
Mix ;x c )—for calculating the electronic structure. 

B. Spin-Hamiltor.ian model 

Newman et a!, have shown that a III-V compound 
semiconduc;o • such as GaAs can be modeled in a spin- 
Hamiltonian language as an "anriferromagnet" where 
spin-up or spin-down on a site represents occupation h- a 
group-III atom or a group-V atom, respectively. Thus 
GaAs, with altemr’ing Ga and As atoms, ir. this 
language, is an "anttierromagnet." The “magnetization" 
is proportional to the net electric dipole moment per unit 
cell, Eq. (1), and for zero-temperature GaAs at equilibri¬ 
um, equals unity. In metastari.* (.-f ,l! £' >i_ r A'alloys, 
such as (GaAs)|_,Gev,, occupation of a site by a 
column-IV atom such as Ge is represented by "spin” zero. 
If the Ge were to occur;, both anion and cation sites 
without disturbing the occupation of these sites by Ga and 
As. then the order parameter would be Mix) = 1 —’ x. 
However, M is not 1 — x because Ge ispin zero) dilutes the 
"magnetization" M(x;x f ) of this "antiferromagne;." by 
removing nonzero "spins" at various sites, until there is 
insufficient "sp : n-spin" interaction for an average site to 
"know” it should have sptn-up or spin-down. With a suf¬ 
ficient concentration .v of dilutants (that depends on tem¬ 
peratures. the “magnetization" vanishes, and the system 
undergoes a phase transition, from an "anttierromagnet- 
ic" zinc-blende state with M to an "unmagnetized” 
phi.se iM =0). That is, as Ge dilute' GaAs. an average 
cation site is no longer fully surrounded by As atom: and 
no longer feels electronical iv compelled t<» be occupied by 
a Ga atom rather than an As atom. The average electric 
dipole moment A/(.\> of the ordered zinc-blende p : a«e de¬ 
creases and the system undergoes a transition from an or¬ 
dered zinc-blcn.'e phase :n v inch la atoms preferentially 
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occupy nominal cation sites to a disordered (A/ =0) dia¬ 
mond phase in which there is no distinction be: .een 
anion and cation sites. Newman constructed a spin- 
Harriiltonian model of this order-disorder transition. The 
important physical parameter of this Hamiltonian is a 
nearest-neighbor spin coupling (which is related to ener¬ 
gies of interaction of the pairs of atoms V-V, III-III, ai.J 
III-V;. The Hamiltonian, when treated in a mean-field 
approximation, yields the following equation for the order 
parameter M[x;x e ): 

tanh[(A//(l-.x e )] = [M/(l-.x)] . ( 2 ) 

where x e is the critical composition of the order-disordei 
transition; > 

C. Tight-binding Hamiltonian 

The electronic structure calculations are based on an 
empirical, ten-band, second-nearest-neighbor, tight- 
binding theory, which employs an spV basis at each site 
of the zinc-blende lattice. The on-site and nearest- 
neighbor matrix-elements of this model have been ob¬ 
tained previously by Vogl el ql „ 15 who fit the known band 
structures of many III-V compounds and group-IV semi¬ 
conductors. The Vogl matrix elements are augmented by 
one or. two second-neighbor parameters 16 (see Table I) in 
order to obtain a better fit to the band structures of these 
semiconductors at the L point of the Brillouin zone. (The 
Vogl model was designed to fit the conduction-band struc¬ 
tures well near points T and .V.) The on-site matrix ele¬ 
ments for these many semiconductors exhibit manifest 
chemical trends that depe, J only on t he atomic energies 
of the atom on the site, to a good approximation. The 
off-diagonal nearest-neighbor matrix elements are inverse¬ 
ly proportional to the square of the bond length d, accord¬ 
ing to the rule of Harrison et a /. 17 For our purposes the 
important, physical parameters of the tight-binding Ham¬ 
iltonian are the or site energies of the column-ill, -IV, 
and -V atoms, which wc shall interpolate using a general- 


TABLE I. Second-neighbor parameters. Note here that 
dPta.pyQ'l^ap'C.pjC') and elsa,p J a) = elp l c,sc'). See Ref. 16 
for details. 


Semiconductor 

t(sa,p,a') 

ft p t a,p,a‘) 

All* 

1.990 

0.000 

AlAs 

1.S30 

-0.876 

AlSh 

0.101 

0.000 

GaP 

0.641 

0.000 

GaAs 

0.464 

0.000 

GaSb 

0.6SS 

0.000 

InP 

0.368 

0.000 

InAs 

0.187 

0.000 

InSb 

0.107 

0.000 

Si 

0.000 

0.146 

Ge 

0.157 

0.000 

Sn 

0.000 

0 056 


ized virtual-crystal approximation . 6 The on-site matrix 
demerits are interpolated according to Eq. (3), as are Vd : , 
where ('"is the off-diagonal matrix demerits and d is the 
bond length of the alloy predicted by Vegard’s law : 18 
e/(.v) = ( 1 —.x>e/j||.v 

We expect these {A lll 5 v )|^ x A';^ alloys to satisfy ade¬ 
quately the Onodera-Tovozawa 19 criterion for an "amal¬ 
gamated" electronic spectrum, since the variations in on¬ 
site diagonal matrix dements are small in comparison 
with nearest-neighbor transfer matrix dements . 10 There¬ 
fore, we expect them to have relatively well-defined band 
structures which can be described (in a first approxima¬ 
tion) by a mean-field theory of the virtual-crystal type. 
They cannot be treated with the ordinary virtual-crystal 
approximation, however, because (in the disordered "dia¬ 
mond" phase, in particular) they contain many antisite 
atoms (e.g., a coiumn-M.atom on a nominal anion site)— 
and the usual virtual-crystal approximation does not allow* 
for antisite atoms. We circumvent this problem by using 
the generalized virtual-crystal approximation , 9 which has 
virtual anions and cations such that the virtual cation is 
(schematically): 

[(I -x +M)/2]A 1,1 -f ((1 -x -A/)/2]£ v +.x* lv . (3) 

Here, A m , X ,v , and i? v represent the column-III, -IV, 
and -V atoms, and Mix;: x c ) is the order parameter (1) of 
the order-disorder transition, obtained by solving Eq. (2). 

III. RESULTS 

The energies of the band edges (relative to the valence- 
band maximum, which is defined to be the zero of energy) 
are given in Fig. 1 for (GaSb)|_^Sn^. Corresponding 
results for all possible (.4 llI 5 v )|_ Jt A'^ alloys are given in 
Figs. 2—4. The T conduction-band minimum occurs at 
k=(0,0,0) in the band structure. The edges labeled .» and 
A refer to the conduction minima near the (1,0,0) and 
( 7 , 7 , 7 ) points, respectively (i.e., near points X and L)} ] 
For k at the ,Y point -:f the Brillouin zone, the 
conduction-band edge actually bifurcates as a function of 
alloy composition at the critical composition .x c , produc¬ 
ing loth an X\ and an X} minimum in the zinc-blende 
(ordered) phase for .x <.x c , but only one minimum for 
.x >.x f in the diamond (disordered) phase. This bifurca¬ 
tion is reflected in the dependence of the minima along 
the A line as functions of composition x (see Fig. 4), be¬ 
cause these minima lie at wave vectors near point .V. The 
relative minimum at point T, when plotted as a function 
of composition .x, exhibits a kink at .x ( , as does the band 
edge at the L point. The minimum in the A direction re¬ 
flects the kinked behavior of the nearby L point. 

In addition to the dependences on alloy composition .x, 
there are discernible trends depending on the positions of 
the atoms in the Periodic Table. To facilitate quantifica¬ 
tion of these trends, wc define an effective average atomic 
number: 

(Z) —xZ |v — (1 — .x)(Z|n 4-Zy >/2 , (4) 

where, for example, Z m is ’.he atomic number of the 
column-Ih atom. Figure 5 shows that the i\ A. and A 
band edges tend to dec:ease tn energv with increasing 
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PREDICTED ENERGY BAND GAPS OF Jfj ... ALLOYS 





FIG. 2. Predicted band gaps of (A " l 5 v ),_ I Si ll alloys versus a:, for the following III-V compounds: AIP, AlAs. AlSb, GaP, GaAs, 
GaSb, InP, InAs, and InSb. Lattice mismatches, defined by Eq. (5), are shown. Kinks can be seen in the T, A. and A levels at the as¬ 
sumed critical composition x e =0.3. The A minimum generally lies some distance from the. ,V point in our tight-binding model, so the 
strict bifurcation at the A' point is not clearly visible. The kinks near x = 1 are due to a crossing of the .md levels. 


(2), with T decreasing most rapidly and A decreasing 
least rapidly with (Z). This trend can be exploited for 
example, to find metastable alloys with small fundamental 
band gaps for possible applications in infrared photogra¬ 
phy: The smaller gaps are associated with large average 
atomic numbers. Hence (GaSb)|_ J ,Snj 1 , with average 
atomic numbers ranging from 36.5 to 50, should be an in¬ 


teresting .>mall-band-g.ip material, provided its electronic 
transport properties can be made suitable for device appli¬ 
cations. 

Predioed band gaps of the metastahle zinc-blende- 
diamond Greene alloys lubricated from A.I, Ga. In, P, As, 
Sb, Si. Oe. and Sn ar<- -hown m Figs. 2—i, General 
trends follow those of th; prototypical alloy 
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FIG. 3. Predicted band gaps of ,.l ,M B v ),_ x Ge : , alloy versus .t, fot the following III-V compounds: A1P, AlAs, AlSb, GaP, 
GaAs, GaSb, InP, InAs, and InSb. Lattice mismatches, defined by Eq. (5), are shown. Kmks can be seen in all levels, at the assumed 
critical composition .x c =0.3. For some alloys, notably (InPI^Gev, for > <0.4 and (InAs),_ I Gei l for .t <0.5. the A minimum 
occurs at the X point in our tight-binding model and the strict bifurcation at point A' is clearly visible. 


(GaSb)|_ x Sni,, shown in Fig. 1. All alloy band gaps ex¬ 
hibit kinks at x c as a function of composition. There is 
always at least one kin:: in the minimum conduction-band 
edge at x =x ( , due to the phase transition. This kink is 
not associated with a crossing of the band edges, although 
these types of effects can also be seen at other composi¬ 
tions. For example, in (InPl^Gev, (Ref. 22) at 
-x =0.85, the conduction band at T crosses with A and 
the alloy goes from being a direct-gap semiconductor to 


one with ar indirect gap. 

The alloys with the smallest lattice mismatches 

Ao /a =(0| V —flin.v)/fliv (5) 

are especially interesting. We focus primarily on alloys 
with A a/a <0.07. Values of A a/a are given in each fig¬ 
ure. 

Since the details of the band gaps for these alloys de¬ 
pend on the c.ins'it:::nts. we summarize dot uh below fig- 
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FIG. 4. Predicted band gaps of M m B v ;i_,Sni I alloys versus x, for the following IIJ-V compounds: A)P, AlAs, AlSb, GaP, 
GaAs, GaSb, InP, InAs, and InSb. Lattice mismatches, defined by Eq. (5), are \hown. Kinks can be seen n all levels, at the critical 
composition x, =0.3. For some alloys, notably (InP)|_,Snv, for a <0.6 and (InAs)|_,Sni, for * <0 5, the A minimum occurs at the 
A' point in our tight-binding model and the strict bifurcation at point X is clearly visible. 


ure by figure. Figure 2 displays predicted band edges for 
zinc-blende materials combined in metastable alloys with 
Si. Th-'e with the smallest lattice mismatches arc 
(AlP) ; _,Siv, (Ac /a =-0.004), (AiAs),_ x Si^ (-0.043). 
(GaP),_ x Si^ (—0.004'. and <GaAs),_,Si ;jc (-0.043). 23 
Thus, of this class of well-lattic'-matched alloys, one is 
restricted to materials with {Z;<23. The fundamental 
band caps of these alloys vary’ from 1.17 eV for Si to 2.5 
eV for ordinary All 5 . 23 These gaps tend to have only one 


kink, at the critical composition .v =.\ f . because the fun¬ 
damental gap, like that of St, is along the A| line for all a - , 
and does not cross T or A [the exception being 
(GaAslt.jSii, for winch we find crossings from T to A 
to A as a function of increasing composition). The kink 
in T for A -O.S is due to mixing of (his level 23 and a T ^ 5 
level not displayed (Si has r^-cT;). In contra;: to the 
small-lattice-mismatched materials, the heavily strained 
alloys (.see the last row of Fig. 2), all show multiple band- 
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FIG. 5. Trends of the la) T, (b) A. and Ic) A band edges 
versus average atomic number <Z>. The relevant energies for 
the (4 m 5' alloys in question lie within the boxes of the 

figures. H-nce those at T and A, in particular, tend to decease 
with incrca.ing (Z). 


edge cro:- ngs from T to A to A as a function of increase 
ing composition x. 

Figure 3 gives band edges for zinc-blende materials in 
metastable fixtures with Ge; Those with the smallest lat^ 
tice mismatches are (AlPJ^Gei, -Aa/a =0.037), 
(AIAs)|_,Gev, (0.0), (GaP),_ x Ge lt -0.037), 
(GaAsli.^Ge^ (0.0), and (IriPli^Get, (—6.037). In this 
class of alloys we are restricted to wellTlattice-matehed 
materials with (Z) <32. The band gaps of these alloys 
vary from 0.1 eV for (InP)|_ x Gei, at x =0.3 to 2.5 for 
ordinary A1P. The band gaps of these alloys have cross¬ 
ings from A to T to A for (AlPJi.^Gei, and 
i.A!As)|_ x Gev, and from T to A for the others. Of the 
remaining alloys with larger mismatches, some, such a-; 
(InAs)|_,Gev t and (InSb)|_ x Gev,, have zero gap for 
some compositions x but, because the mismatch is larger, 
they may be difficult to grow. 

Figure 4 presents our predictions for metastable alloys 
resulting from mixing zinc-blende materials with Sn. 
Those with the smallest lattice mismatches are 
(AlSb)|_ x Snv, (Aa/ti =0.053), tInAs)|_,Sn 2 , (0.068), 
(GaSb)|_ x Snj* (0.060), and (InSb)j_,Snii (0.6). In this 
class of alloys, lattice matching restricts us to materials 
with 32-' (Z) £50. These are especially interesting ma¬ 
terials because Sn has a zero band gap. The band gaps are 
predicted to be zero for the metastable alloys 
(InAsli^Sn;, and (InSb)|_ x Sni, for all compositions 
(despite the fact that the equilibrium compounds InAs 
and InSb have nonzero gaps 24 ). All of the Sn-based meta- 
stable alloys (with small lattice mismatches) mentior*d 
above are either direct-gap or zero-gap materials. 
(GaSWi.jSnr, is particularly interesting, because the 
predicted gap varies from 0.15 eV to zero over a large 
range in composition, from 0.3 to 1.0. Hence, the gap is 
small and may not be too sensitive to fluctuations in local 
environment. This, along with (InP)|_ x Gev,, may be an 
especially good candidate for an infrared detector. 22 The 
remaining alloys, while coven.-g a large range in gap size, 
from 2.5 eV for ordinary A1P to zero for Sn, all have 
large lattice mismatches, A a/a >0.096, and good-quality, 
long-lived, metastable samples of these materials may be 
difficult to grow. 


IV. CONCLUSIONS 

We have presented predictions of the energy band gaps 
versus alloy composition x for the Greene alloys: meta¬ 
stable, crystalline, substitutional alloys of III-V com¬ 
pounds and group-IV elemental materials. The band gaps 
at points T and L exhibit kinks and the X points bifurcate 
as functions of composition x, at a critical value x c corre¬ 
sponding to the order-disorder transition of Newman 
«.'/ al. The I'-shaped bowing offers the possibility of band 
gaps significantly smaller than expected on the basis of 
the conventional virtual-crystal approximation. Alloys 
with modest lattice mismatches that are predicted to have 
small band gaps include (InP'|_,Gev,, *AlSb)|_ 1 Sn ;x , 
(GaSbli.jSni*, and (InAs)|_ x Sn^,. Larger band-gap al¬ 
loys with several potentially interesting level tossings in 
the band gap include lAlAs/^Gev, and (GaAsb^Si^. 
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A ,-heory of Schottky barriers for III-V and Group-IV semiconductors must 
explain numerous experimental observations, two of which are the following: (1) 
The barrier height « E c s -E]-'’ often attains nearly its final value with the 
deposition of only a fraction of a monolayer of metal on the semiconductor 
surface [1,2], (Here E c s and Ep^ are respectively the energies of the conduction 
band edge at the surface and the Fermi level in the bulk.) This finding implies 
that the -mechanism responsible for Schottky barrier formation requires only 
submonolayer coverage rather than a complete semlconductor/metal interface. It 
thus appears to rule out mecal-lnduced gap states (3-6) as the dominant mechanism 
for most systems. (2) In many cases, more than one value of the Schottky barrier 
height is observed for a single semiconductor. In InP, for example, there is a 
"switching" of barrier heights from about 0.5 eV to nearly zero as the reactivity 
of the metal treatment of the surface is varied (7). A theory that yields only a 
single barrier height for all metals and all surface treatments is thus unable to 
explain these Schottky barriers. 

Here we describe a theory of Schottky barriers for III-V and Group-IV 
semiconductors that is in agreement with the above ooservations and many other 
features of the experimental measurements (1,2,7-14). The theory is based on 
Fermi-level pinning (15) by levels associated with defects at the 
semlconductor/metal Interface (1,8-11). We believe chat this theory is 
applicable to most observed barriers, but recognize, of course, that other 
mechanisms can be important in some cases. For example, the original Schottky 
mechanism of charge transfer between a metal and a semiconductor without defect 
states In the fundamental band gap appears to dominate for nonreactlve metals on 
GaSe (8). 

For III-V semiconductors, the states responsible for pinning the Fermi-level 
are associated with native defects, either antisite defects (16-18) or vacancies 
(17-19) at the semiconductor surface. For Group-IV semiconductors, the pinning 






defects are interfacial dangling bonds [20,21] -- e.g., SI dangling bonds 
"sheltered" from the metal by interfacial vacancies. 

In Fig. 1, results are shown for the (110) surface of inP [17]. (Our 
calculations employ methods Introduced by Vogl et al. [22] and Hjalmarson et al. 
[23], together with the analytic Green's function technique [24], using the 
surface relaxation characteristic of III-V semiconductors [25,26]. It can be 
shown [20] that a.defect at a free surface has virtually the .same deep energy 
levels as a sheltered defect at a semlconductor/metal contact.) At the surface, 
both antisite defects — Inp and Pj n — are predicted to produce deep acceptor 
levels at about 0.5 eV below the conduction band edge. The experimental 
Fermi-level .pinning position for non-reactlve metals on n-type InP [7,14], also 
shown ip Fig. 1, can be. explained by. either of these levels. In addition, a 
surface phosphorous vacancy Vp is predicted to yield a shallow donor level, which 
appears to explain the other Fermi-level pinning position- just beneath the 
conduction band edge observed for reactive metals on n-lnP [7] and for treatments 
of the surface with 0 or Cl [8]. A shallow level Is also predicted for the 
Surface Impurities Sp and Snj n , and this may explain the experimental results for 
S and Sn treatments of the InP surface [8]. Although not shown in Fig. 1, the 
predictions for p-InP are also In agreement with experiment [!*]. 
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Fig. 1. Theoretical and experimental Fermi-level pinning positions for the (110) 
surface of InP (after Ref. 17). 
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Fig. 2. Theoretical and experimental 
Schottky barrier heights for various 
Ilt-V semiconductors and their 
n'lovs. The results for Ga t A* x As 
and In l _ x Ga J( As are also given In 


(161. 


theory 

a!-* 


S. 




c-Si a-Si:H. a-Si:H. 

Tight-binding scp 

Fig, 3. Calculated Ferrai-level 
pinning positions for c-Sl and 
a-Sl:H. The experimental positions 
are Inferred from the measurements of 
(29] In conjunction with the band gap 
of a-Si:H of 1.8 eV and a theoretical 
value of E c obtained from (281 for 
a-SitH with a band gap 0.7 eV larger 
than chat of c-Sl (scp) or a 
vlrtuaL-zlncblende approximation to 
che theory In (27) (tight-binding). 
Data for Ft and ?d contacts are from 
(29). 


In Fig. 2, we show the Schottky 
barrier heights predicted by the present 
theory (in the virtual crystal 
approximation) for several III-V 
semiconductors and their alloys. These 
results are for n-cype semiconductors, with 
the defect responsible for Ferml-ievel 
pinning taken to be the cation-on-anion 
site surface ancislte defect — e.g., Ga on 
the As sice (16). The predictions are 
compared with measured barrier heights for 
Au concacts (10]. The agreement between 
theory and experiment Is fortuitously good, 
in view of the several tenths of an eV 
uncertainty in che theory. It can be seen, 
however, that che trends with alloy 
composition are very well described by the 
theory. 

In Fig. 3, results are shown for both 
crystalline SI (c-Si) and hydrogenated 
amorphous SI (a-Si:H). The theory for 
c-St, which Is described elsewhere (201, 
provides a quite satisfactory description 
of numerous experimental observations. 

Extensions of che theory to Ge, 
Ge 1 _ x Sl x alloys, and diamond were also 
found to be In good agreement with 
experimental data (211, Here we present 
new results for a-Si:H. Details of the 
theory will be presented In a longer 
article, but che essential Idea was to 
extend the c-Si prediction foe the SI 
dangling-bond energy to a-SliH by employing 
the clghc-blndlng theory of 
Papaconstantopoulous and Economou (27,28) 
for this material. For example, we treated 
hydrogenated amorphous Si as a virtual 
tlncblende ternary alloys, Sl(Sl l _ x H 4x ), 
deducing tight-binding parameters for SI 
and S1 j_ x H 4x from the parameters of Ref. 
(271. These parameters were Chen used to 
compute the band edges of a-Sl:H relative 
to those of c-Si and the deep level of a SI 
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bond in a-Sl:H surrounded by a local environment similar to that of an Interface 
with NiS^. Our results are given In Fig. 3, and' agree with the data^ 

In conclusion, the present theory provides a satisfactory description of 
Schottky barriers for a number of Ili-V semiconductors and their alloys (both n- 
and p-type), and for SI, Ce, G «i_ x Si x alloys, diamond and a-Si:H. 
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The.following facts, and many others, concerning III—V (e.g.. GaAs. InP) Schottky barriers 
can be understood in terms of Fermi-level pinning by interfacial antisite defects (sheltered by 
vacancies) at semieonductor/metal contacts: (i) the barrier heights are almost independent of 
the metal in the contact: (ii) the surface Fermi levels can be pinned at sub-monolayer coverages 
and the pinning energies are almost unaffected by changes of stoichiometry or crystal stiucture: 
(iii) the Schottky barrier height for n-InP with Cu. Ag. or Au is ■0.5eV, but changes to 
“ 1 eV when reactive metal contacts (Fe. Ni. or Al) are employed because the antisite defects 
are dominated by P vacancies: arid (iv) the dependence on alloy composition for alloys of AlA.i. 
GaAs. Gap. In As. and GaAs is extremely complex-owing to the dependence of the binding 
energy for the cation-on-anion-site deep level on alloy composition. Fermi-level pinning by Si 
dangiing bonds at Si/transition-metal silicide interfaces accounts for the following facts: (i) the 
barrier heights are independent of the transition-metal, to within =>0.3cV: (ii) on the 0.1 cV 
scale there are chemical trends in barrier heights for n-Si. with the heights decreasing in the 
order Pt. Pd. and Ni: (iii) barriers form at low metallic coverage, (iv) barrier heights are 
independent of silicide crystal structure or stoichiometry to =0.1 eV; and (v) the barrier heights 
for n-Si and p-Si add up to approximately the energy of the band gap. 


1 . Introduction 

When a metal is deposited on a semiconductor surface, a potential barrier 
to electron motion is formed, which prevents the flow of electrons between 
the metal and the semiconductor. The physics governing the formation of 
this Schottky barrier is controversial oxen today. Here we present theoreti- 

0378-5963/85/S03.30 © Elsevier Science Publishers B.V. 
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cal calculations which support the notion that Schottky harriers arc com¬ 
monly (hut not exclusively (!]) formed as a result of "Fermi-level pinning" 
bv deep trap states associated with defects at the semiconductor 
surface. 

The basic idea of Fermi-level pinning was enunciated by 13:. deen [2] in 
1947. and is most easily desci'bed for ihe limit of a degenerate n-type 
scir.icondi ctor in contact with a metal. The Fermi energies of the semicon¬ 
ductor. the semiconductor surface, and’ the metal must align in electronic 
equilibrium. At zero temperature, the Fermi level of. the semiconductor lies 
almost at the conduction band edge (more^precisely. a: the donor level), and 
lines up with the Fermi level of thCj metal. Tbe Fermi energy of the 
semiconductor's surface, however; can lie deep in the funda nental band gap 
if there are deep impurity levels in the gap. In this case of sufficient 
concentration of deep levels in the gap. the deep levels •ieteririine and 
"pin” the Fermi energy of the surface, which does no; align with the bulk 
semiconductor's Fermi energy if the valence band maxima of the bulk and 
the surface are assumed to be at the same energy. Hence, the semiconductor 
and its surface are not in electronic equilibrium when the valence band 
maxima align. As a result, carriers must diffuse in order to bring the surface 
into electronic equilibrium with the bulk semiconductor and the metal: a 
surface dipole must build up. and the bands must bend near the surface to 
align the Fermi energies of the bulk and the surface. This results in a 
Schottky barrier (see fig. 1). Bardeen, in his Fcrmi-leve! pinning paper, left 
open the possibility that the deep levels responsible for the pinning might be 
either intrinsic (e.g.. surface states) or extrinsic. Spicer and co-workers [3] 
have championed the idea that native defects produced during the formation 
of the semiconuuctor/mvai contact pin the Fermi energy. 

In this Fermi-1'vel pinning model, one can estimate the Schottky barrier 
height for an n-type semiconductor by first determining the defect respon¬ 
sible for the pinning and then calculating the difference in energy between 


Conduction Bond J 3orrisr Height 


Uolence Sand 


Semiconductor Surface be to I 

n-type 

Fii:. I. Schematic illu>t..ition of the Bardeen model Fermi-level pim.im: h\ :i Ncmicnnducior- 
surface defect deep level (denoted bv an open end. - with a bar throush it). 
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the neutral defect’s lowest unfilled deep level in the gap and the conduction 
band edgc, ; (For p-type material, the highest filled level in the gap pins the 
Fermi level.) Hence the problem of calculating the Schottky harrier height is 
reduced to the equivalent problem of computing the binding energy of a 
deep level. (See iig. 1.) 


2 . Deep levels in the bulk 

To understand the physics of deep levels at mctal/semiconductor con¬ 
tracts. one must first comprehend the basic physics of deep impurities in the 
bulk of a semiconductor. An impurity level, by current definition (4], is 
"deep" if that level originates from the central-cell defect potential of the 
impurity (as opposed to originating from the long-ranged Coulombic tail of 
the defect potential, as for "shallow" levels). In covalently bonded semi¬ 
conductors, sp'-bonded substitutional defects have typically four deep levels 
near the fundamental band gap and an infinite number of shallow levels. 
The infinite number of shallow ’..els is associated with the fact that the 
Coulomb potential has an infinite number of bound states, and the four deep 
levels are due to there being one s-like and three p-like orbitals for an 
sp J *bonded defect. In the bulk of a tetrahedral semiconductor, the three 
p-states are degenerate, forming a T ; -symtr. :ric deep level, and the s-state 
gives rise to an A, level. 

The four deep levels need not ail lie within the fundamental band gap. 
however. In fact, it is rare that all four do. Indeed, a "shallow impurity” is 
one for w hich all of its deep levels lie ounide the fundamental band gap (fig. 
2). A "dc.-p impurity” is an impurity that produces at least one deep level in 
the band gap. The issue of whether a deep level lie> within the gap or not is 
a quantitative one: if the host bands are broad enough and the fundamental 
band gap is narrow enough, then the bands are likely to cover up all of the 
deep levels, making them resonant with the host bands. Hence, narrow-gap 
semiconductors tend to have relatively fewer "deep impurity" centers (with 
levels in the gap) than large band-gap materials. 

The basic physics of deep level's illustrated srnematically in tig.for the 
case of an N impurity replacing I’ in the bulk c,’ GaP., For simplicity we 
consider only the A, or s-'ike deep state of the defect. First consider atomic 
Ga and P. which, when combined into a molecule, form bonding and 
antibonding levels. The bonding-antibonding splitting is of order c ; e c . M - 
if), where r is the nearest-neighbor transfer matrix clement and * <M - c„ is 
the energy denominator resuitinu Irom perturbation about the t ie 
tight-binding limit (5.6), The boniting and . mibonding state- n f the moic- 
cule are the parci..s of the conduction and the valence banu.- •' the solid, 
respectively. If now one P atom is repljc."’ by an N impurity u 'in. the N 
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A, 


r ' ',:'///■ c» »«»<t 1 »» 

—*■— —- 


■A, 


0 

Shollow Deep ' 

Fig. 2. Schematic illustratin' of the dillcrence between “shallow" and “deep" sp’-bonded 
substitutional (donor) impurities, after ref. |2I). The shtillow energy IcveK ii the band gap arc 
dashed. The deep levels of A| (s-like) and T; (p-like) symmetry are denoted by heavy lines. In 
the case of a “shallow impurity” the deep levels are resonances and lie outside the funr'.imintal 
band gap: for a “deep impurity" at least one deep level lies within the gap. The lowest level is 
occupied by an cstra electron (dark circles) if the impunty has a valence one greater than the host 
atom it replaces (e.p.. S or O on a P sue in CaP). 

will try to hybridize with its neighbors. However, the atomic energy of the N 
is * 7 eV lower than the corresponding energy of the P atom it replaces (i.e., 
the defect potential in the central-cell is l'» - 7eV). As a result, the energy 
denominator is » 7 eV larger for N than for P. and (since v is almost the 
same for P and N [7]). the bonding-antibonding splitting is smaller-and the 
deep level lies within the band gap. For a slightly 'ess negat've value of V 
(i.e.. a slightly more electropositive defect than N. such as S). however, the 
deep level is resonant with the conduction band-so n.at at most "shallow" 
states bound by the long-ranged Coulombic. -Ze' m !tr. part of the defect 
potential (neglected here) would lie in the gap. (Here Z is the impurity-host 
valence difference and is zero and unity for N and S. respectively, replacing 
a P atom in GaP.) 




i 

V-7*V 


HyordetOf-— <n 


Atom Mo'ecuie Solid Octeci *mci«cui«" 

t»- i»»j 

Fig. ? Schematic lilusiranor of ihc qualitative phvcics of deep levels. ;is divcuvscd in ref. [4] 
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X Deep levels of surface defects 

The same basic physics holds for a defect at a surface. The reduction of 
the tetrahedral symmetry by the surface causes the A, bulk levels to shift 
and the T : deep levels to split into three orbitally non-degenerate levels. For 
a defect at a free surface the splittings of the T ; level are of order 1 eV,. 
Therefore, the irtt- surface defect levels lie at substantially dilfc'cnt energies 
fron. the bulk defect levels . 

A central question is whether the pinning defects for Schottky barrier 
formation are at the semiconductor's surface or in the semiconductor's bulk. ; 
There is no definitive experimental answer to this question at the present, 
but we believe that the defects are at or very near the semiconductor, metal 
interface in environments that are quite similar to the environment of a defect 
ala free surface. By this we mean the pinning defects are each adjacent to a 
vacancy or a void (or a highly electropositive atom) that “•shelters" it 
electronically from its more distant neighbors: a defect-vacancy pair in the 
semiconductor's bulk has essentially the same energy levels as a defect at a 
surface [8)-because deep-level wavefunctions are rather localized to the 
shell of first-neighbors of the defect, and the main difference between a 
defect-vacancy pair and the same defect at a surface is that, at the surface 
(which can be thougnt of as a sheet of vacancies), some second- and 
more-distant neighbors are vacancies rather than atoms. (Second-neighbor 
effects on a deep le'd are rarely major.) 

Our reasons for adopting this viewpoint that the pinning defects are near 
the semiconductor/metal interface and ’“sheltered'’ in free-surface-like 
environments are: (i) Fermi-lcve! pinning can occur at sub-monolayer 
metallic coverages, a fact that is difficult to explain unless the relevant 
defects are at or near the interface: (ii) the simple bulk point defects, such as 
vacancies and antisites, unquestionably give qualitatively as well as quan¬ 
titatively incorrect predictions for the observed behavior of Fermi-level 
pinning and Schottky barrier heights (e.g.. the bulk antisite As Ca -As on a 
Ga site-in GaAs cannot explain the Fermi-level pinning for n-GaAs 
because it produces on!, an occupied deep donor level in the gap. whereas 
an unoccupied acceptor ».> required to achieve Fermi-level pinning in the gap 
for n*tvpe material -i.e.. the next available level for an electron is the deep 
!*.d. rather than the conduction band edge). In contrast. As r „, at the surface 
produces two deep levels in the gap: a deep donor and a deep acceptor: (iii) 
without the concept of sneltcring. the defect theory would be in conflict with 
the experimental fact that, for GaAs and some other semiconductors, the 
deposition of different (non-reactivc) metals in a scmiconductor/metal con¬ 
tact most often leads to the sa ne Schottky barrier height (if the defect were 
in direct contact with the metal, its energy levels would be significantly 
altered by changing the metal). Therefore, tne pinning defect must be 
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adjacent either to a vacancy or to a very electropositive atom (recall that 
electronically a vacancy is an infinitely electropositive ••atom" |V)). 

Spicer and co-workers [3]. Wiedcr et al. [10]. M6nch et ai. [11]. and 
Williams et al. [12] have presented numerous data which indicate that the 
surfaces of 111—V semiconductors have Fermi levels determined or "pinned" 
by the deep impurity states of native defects. The exact mechanisms by 
which these defects are created are not presently understood, but it is 
believed that they are normally generated during the formation of the 
surface (e.g.. by cleavage) or during the deposition of a metal contact. 
Indeed, the precise nature of the native defects is not presently known, and 
one purpose of this work is to provide ^theoretical iramework for identify¬ 
ing the "pinning defects". We shall enumerate the possible native defects, 
argue that the pinning levels of many complex defects are virtually identical 
to the pinning levels of a few simple ones, show that some simple defects can 
explain the observed chemical trends in Schottky barrier data for III—V 
semiconductors while others cannot, and propose a relatively simple and 
specific picture of the pinning defects. 

The possible native defects ;>.e anion and cation vacancies, both types of 
antisite defects, anion and cation interstitials, and combinations of these. It 
can be shown, however, that the combination defects normally have spectra 
similar to the sum of their constituents' spectra [8] - and so we consider only 
the isolated defects. We also eliminate interstitials from consideration, 
because (i) interstitials are known to be very sensitive to the local environ¬ 
ment [13] (whereas Fermi-level pinning defects arc not), and (ii) in the bulk, 
the Group-Ill and Group-V atoms have been observed either on their own 
sites or on the antiVitu. but (to our knowledge) not at interstitial positions. 
Defects associated w;n the metal atoms originating from the metal of the 
contact are not considered because (i) for some semiconductors at least, the 
Schottky barrier heights are relatively independent of the metal. and (ii) for 
most of the semiconductors of interest, the metal atoms themselves do not 
produce thr required deep levels in the fundamental band gap. 

Thus wc are left with an apparently simple problem: compute the deep 
levels of the vacancies and the antisite defects and determine if these levels 
explain the observations, in mu' ing these calculations.‘however, we must 
recognize that this or any theory lias uncertainties of order =* 0.5 cV (part of 
which is due to the neglect of lattice re!.;\ation around the defect). There¬ 
fore. we do not simply compare the theory with data, ret instead we (i) 
eliminate as many as possible of the Fermi-level pinning assignment-, 
because the theory and the data disagree by >0.5eV. and (ii) make our final 
assignments or the basis of the observed chemical trend* in the Fermi-level 
pinning position* from one semiconductor to another. 

The calculations employ an empii.eal tight-binding Hamiltonian [ft] 'or 
the host semiconductor. Since the parameters of this Hamiltonian exhi.ut 
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chemical trends, the defect potential's matrix elements can be estimated from 
the trends (4). In the locaiized-orbital spV tight-binding basis, the defect 
potential V is diagonal (provided we assume that the lattice docs not relax 
around the defect* with elements proportional to the differences between 
the atomic energies of the defect and the host atom it replaces. The deep 
levels of the defect are obtained by solving the secular equation 

det(l - (E-//,,)' 1 V] = 0 . 

where H„ is the host Hamiltonian and E is the deep level. For the 
calculations reported here. H„ describes a relaxed (110) III—V surface with 
the 27° rigid rotation of the anions out of the surface plane, and V is a 
matrix 1 simulating the central-cell potential of a deflect at the surface. 
However, a far simpler model involving defect-vacancy pairs <n the bulk or 
at an interface would give similar results [14]; -n the simpler case H„ would 
represent the sheltering vacancy and the cluster of atoms at the defect site 
(before the defect is introduced) and at surrounding first- and possibly 
more-distant-neighbor sites. The details of solving the secular equation 
either for a defect at the free surface [15] or for a simplified cluster model 
[14] have been described elsewhere. 


4. Results for III-V semiconductors 

The results of our calculations of the Schottky barrier heights (i.e.. the 
binding energies of the lowest incompletely occupied one-electron level of 
the neutral impurity with respect to the conduction band edge) are given in 
fig. 4. where we have assumed that the defect responsible for Fermi-level 
pinning is the cation-on*anion-site antisite defect at the surface. The 
agreement between theory and data is strikingly excellent, and strongly 
supports the hypothesis that this antisite defect is responsible for the 
observed Schottky barrier formation. (The two vacancies and the other 
antisite defect fail to reproduce all the observed trends.) 

This success does not mean that all Schottky barrier formation in IU-V 
semiconductors is attributable to Fermi-level pinning by cation-on-anion-<ite 
defects. Although an ant»<»te defect can be formed with less free energy that 
a vacancy [In], we believe Fermi-level pinning by vacancies has been 
observed for InP contacts with reactive metals [17]. Indeed, the apparent 
dependence of Schottky barrier height on chemical reactivity [12.17.18] can 
be explained in terms of chemical reactions changing the dominant defect 
from an antisite to :> vacancy. The reactive metals combine with P makn.g 
stable compounds, leave P vacancies (V,.). In InP these vacancies arc 
predicted to yield shallow donor levels .n the fundamental gap near the 
conduction band edge: these levels pin the Fermi energy and yield a small 
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11 A) J.A. Van Vechton. J. Elect rochcm. Soc. 122 (1975) 4 1 u. 425 . The defect formation process is 
.Imost certainly an event that occurs far from equilibnum. 
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We have used a varict) of novel approaches in characterizing metal-semicondu-tor 
interfaces - soft X-ray photoemission spectroscope with interlayers or markers, surface photo¬ 
voltage spectroscopy, and cathodoluminescencr spectroscopy, coupled with pulsed laser 
annealing-to reveal systematic between interface chemical and electronic structure. The 
chemical basis for these mtcrfacinl properties suggests new avenues for controlling electronic 
structure on i microscopic seal . . 


1. Introduction 

With the application of surface science techniques to the studs of metal- 
sen.-conductor interfaces, considerable progress has been achieved in 
understanding the interactions which take place at the mictoscopic junction 
and their influence on macroscopic electronic properties (1-6). In particular, 
it is now generally accepted that the extrinsic electronic states of a metal- 
semiconductor interface-c.g.. those due to some interaction between metal 
and semiconductor-rather than any intrinsic states present at the semi* 
conductor surface-dominate the Schottky barrier formation. Considerable 
evidence for thc.se conclusions has been derive, from coma;: potential [7.8]. 
surface photovoltagc. low energy electron loss IttJ. UV (12.13). and soft 
X-ray photoemission spectroscopies { 1-4—2 1J. With these techniques, research 
groups around the world have found strong charge transfer and atomic 
redistribution occurring with the deposition of only a few monolayers or less 
of deposited metal on clean, ordered semiconductor surfaces Thus related 
phenomena such as chemical reactions, diffusion, formation of defects, 
dipoles, and alloy !ayer> at the met...'— •miorndt e:or interface an. observed 
which can account for Schottky harrier lormation on an atomic scale. Within 
the las' few yours. this body of work has been extended ;o reveal further 

• Till-, wore report'd here was carried oui an collaboration with C F Urt-cker. A Kainani. M 
Kelb. G Margarnondo. H. Richie.*. V. Snapira. M Slade, and N G. Siortei 

n.*7S-5%3/N5 So.\.'0 © Elsevier Sc,cnee Publishers B V. 

(North-Holtand Physics Publishing Division; 
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Densities of phonon states for (GaSb)]_ x (Ge 2 ) x 

Akiko Kobayashi* 

Department of Physics and Materials Research Laboratory University of Illinois at Urbana-Champatyn. 

IUO West Green Street. Urb,..:a, Illinois 61801 
and Department of Physics. University of Sotre Dame, Sotrc Dame, Indiana 46556 

Kathie E. Newman and John D. Dow 
Department of Physics, University of Sotre Dame, Notre Dame, Indiana 46556 
(Received it March 1983) 

A theory of the phonon spectral densities of states is reported for the long-lived, metastable, crys¬ 
talline alloys 'GaSbl|_ I iGe ; ) 1 , assuming both a zinc-blende—diamond phase-transition model of the 
metastable structure and an on-site substitutional model without a phase transition. Companson of 
both models with the data strongly favors the phase-transition model, but not so strongly as to he 
absolutely compelling evidence for the model. The theory is evaluated with use of the recursion 
method and a rigid-ion approximation with first- and second-nearest-neighbor force constants. The 
evolution of the spectra with increasing x is predicted, and is considerably more complicated than 
that given by either a virtual crystal or a persistence approximation. Principal spectral features arc 
associated with vibrations of various bonds. All of the major anomalies in the Raman data are ex¬ 
plained: (i) The alloy dependence of the Ge-like LO Raman linewidth is related to the entropy per 
site. Iii) The discontinuity as a function of x in the Raman peak position of the Ge-like LO mode is 
due to the changing importance of vibrations associated with Ge—Ge and Ge—Ga bonds, (iiii The 
anomalous asymmetries of the GaSb-like and Ge-like LO Raman peaks are attributed to spectral 
features associated with Sb-Sb bonds and Ga-Ge bonds, respectively, tiv) The LO-TO splitting at 
k=0 is proportional to the order parameter of the phase transition and decreases from the GaSb 
value to zero js x increases to x f ~0.3. The model lends strong but indirect support to the phase- 
transition model over the on-site model, because, as a function of x, the maximum Raman linewidth 
coincides with the maximum entropy in the phase-transition model, but not in the on-site model. 


I. INTRODUCTION 

Recently Greene et al. fabricated metastable, substitu¬ 
tional, crystalline alloys of group-IV elements with III-V 
compounds such as (GaAs)|_ x (Ge:) x (Ref. U and 
(GuSb^.jfGe.-ij, (Ref. 2), Unlike conventional quasi¬ 
binary III-V alloys such as GaAS]_ x P x , the characteriza¬ 
tion of the disorder in this new type of alloy is complicat¬ 
ed by the fact that three electronically different elements 
are distributed on the lattice sites of two face-centered- 
cubic sublattices. The first theoretical approach to this 
problem, proposed by Newman et al., yi is based on a 
mean-field theory in which a zinc-blende-diamond 
(order-disorder) phase transition occurs at an alloy com¬ 
position x, =0.3. This approach successfully explains the 
observed U-shaped bowing of the direct band gap in 
(GaAsi l _ J[ , Ge 2 i x as a function of composition x. Fur¬ 
thermore, unambiguous confirmation of the predicted 
phase transition has !*en reported in the recent x-ray dif¬ 
fraction measureme .» of (GaSbi,_,(Ge ; ) x by Lurnett 
et a.'' Effects of the disorder in the alloy are also seen in 
the vibrational properties of tGuAsi^iGesk, and 
‘GaSb’ (Geo,,, U‘ shown in some recent mea-urements 
of then Raman spectra. 6- ' 1 

In this paper, consider the (GaSb)|_,iGe ; ), Raman 
data of Krabach <.: alf and Besern an et which show 
anomalously broad linewidths for compositions in the 
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range x ==0.2-0.7, In order to understand how the disor¬ 
der affects the vibrational properties of these metastable 
alloys, we calculate the vibrational densities of states of 
(GaSWi.jIGe-lj, using the recursion method. 10-12 We 
employ two theoretical models of the disorder, one based 
on the predicted phase transition, and one ‘without an 
order-disorder transition) that assumes the Ge merely di¬ 
lutes the GaSb without leading to the formation of any 
antisite defects or Sb-Sb bonds. The resulting densities 
of phonon states of (GaSb/,_,(Ge : ) x are compared with 
the Raman data. 6 ' 7 

The recursion method has been applied pre> ious'v to 
theoretical studies of phonons in perfect crystals, 1 ' but. to 
our knowledge, the present work represents one of the 
fi r st applications to scmiconductive crystalline alloys, 14 
and the first application to .-t in fl' >,_,(C‘ N I, inetastable 
alloys. The recursion method is basically a eonttn.cd- 
fraction scheme for calculating the Green’s function and 
the local density of states at a central site of a duster of 
atoms in real space. A major advantage of the method 
over other duster schemes is that the continued-fraction 
truncation does not introduce spurious gaps ‘as a supercell 
scheme does) or su-face states ias a finite-*, uster method 
does). A clear and concise discussion of the method is 
given in the work of \e." and Haydock: ' the computer 
subroutines used to evaluate the densities of phonon states 
are the Cambridge Recursion Library: 1 main routines are 
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listed in Ref; 15. The method properly accounts for the 
local environment surrounding the central atom in a clus¬ 
ter, and thus it is ideally suited for obtaining local densi¬ 
ties of states in any disordered system, especially one that 
is well described by a localized basis, such as a tight- 
binding model. The advantage of the recursion method 
over other commonly employed alloy theories (such as the 
coherent-potential approximation) is that the effects of 
clusters of minority atoms are explicitly included, and so 
the theory is accurate beyond orders x or (l-.y)—while 
the coherent-potential approximation is not. 

The main shortcoming of .he method is that it is not 
well suited for handling long-ranged forces, such, as the 
dipole-dipole interaction responsible for the Lyddane- 
Sachs-Teiler splitting of longitudinal and transverse optic 
phonon modes at the center of the Brillouiti zone. 16 
Nevertheless a previous recursion calculation for the 
quasibinary semiconducting alloy Al^Ga^As (Ref. 14) 
showed that the method, despite its neglect of long-ranged 
forces, is useful for correlating peaks in the density of 
phonon states with major features; Raman and infrared 
spectra, and for associating those peaks with specific local 
atomic configurations in the alloy. 

In this paper we compute the phonon spectral densities 
of states assuming two models of substitutional alloy dis¬ 
order: (i) ah on-site model, in which cations always 
remain on nominal cation sites, and (ii) a phase-transition 
model,•'■ 4 in which all atoms can occupy either nominal 
cation or nominal anion sites. 

II. THEORY 


long-ranged Coulomb forces to zero. There are a number 
of disadvantages associated with this simple model. The 
most important is the neglect of all long-ranged Coulomb 
forces, which are responsible for (it the nonzero splitting 
of the longitudinal optic (LOl and transverse optic (TO) 
modes at the center of the Brillouin zone for zinc-blende 
materials (due to the dipole-dipole interactions), hit addi¬ 
tional contributions to the splitting of the LO and TO 
modes away from the Brillouin-zone center (due:in part to 
the dipoles induced in vibrating polarizable atoms), and 
(iii) the flattening of the transverse acoustic <TA) branch 
near the Brillouin-zone boundary. These long-ranged ef¬ 
fects have been incorporated in previous models, such as 
the shell model I7,1S or the bond-charge model. 16 but are 
neglected here because our primary interest is the study of 
the effects of local alloy •'isorder on the phonon spectra. 

Justification for the neglect of Coulomb forces is af¬ 
forded by the fact that (i) effective charges in these ma¬ 
terials are typically very small (-0.1 eVi (Ref. 20/ and (ii) 
Herscovici and Fibich IJ have shown that a model which 
includes second-nearest-neighbor force constants incorpo¬ 
rates enough of the long-ranged forces to aaequa'Hv 
simulate much of the essential qualitative physics result¬ 
ing from those forces. With the rigid-ion model and 
without the longtranged Coulomb forces;.the-application 
of the recursion method is tractable and even straightfor¬ 
ward. 

In 'he harmonic approximation (using.Dirac notation), 
the time-independent eigenvalue equation of motion for 
the displacement of the lattice. 6R >, is 

<p SR) =.t/n : 5R) . (2.1) 


There are three basic steps to our theory: (i) The 
development of an adequate theory for describing the 
dispersion relations and phonon densities of states of pure 
GaSb and Ge (Sec. II A); (ii) the modeling of the alloy 
statistics—that is, the determination of the probabilities 
that a site is occupied by each of the atoms Ga, Sb, and 
Ge (Sec. IIB); and (iii) the proposing of prescriptions for 
determining the force constants in a specific cluster of the 
alloy in terms of the force constants of GaSb and Ge (Sec. 
IIC). Details of the calculations are in the Appenoices. 

A. Phonons in GaSb and Ge 

/. Force constants and dispersion relations 

We assume the harmonic approximation and use a sim¬ 
ple rigid-ion model to parametrize the phono: 1 dispersion 
curves of GaSb and Ge, ignoring all' but the first- and 
second-nearcst-neighbor force constants; we also set the 
___ i 


where the displacement in the tth direction >t =.v. ,i\ or :) 
of the bth atom (b = anion or cation, in the nth unit cell 
(at R„) is (n,b.i , 6R), and M and <l> are the mass and 
force-constant matrices, respectively. Here we have the 
mass matrix (in the 1 n.b.i) basis/: 

■K- 2 . ( 2 . 2 ) 

n.6 

The force-constant matrix, (n,b,i >1> n\b\t‘), vanishes 
unless («,b) and (tt‘,b‘) refer to the same atom, nearest 
neighbors, or second-nearest neighbors. Taking the posi¬ 
tion of the bth.-atom in the nth unit cell to be R„ if .b 
refers to an anion site of the underlying zinc-bl-nde struc¬ 
ture (v fl =0), and R„-fv f if b refers to a cation site, we 
note that for the zinc-blende lattice, we have 
v f =ui t /4)( 1,1,1) with <j/_ being the lattice constant. 
Then we have, for the force constants between the anion- 
site atom and its nearest cation-site neighbor in tlie same 
unit cell: 


(.v 

(«, b =anion. i <J> n. I:' = cation, i") = (y 

(: 


x) y) c) 

« P P 

(Sap 


(2:.D 


where the rows and columns are labeled by i and t“. The salues of a and P depend on the two atoms at either end of the 
chemical bond between t«,6i and *«'.6* 1 : for example, in pure GaSr we iia\e just two parameters' otGa—Sb) and 
/J(Ga—Sb). The other nearest neighbors to an anion atom at R„ are in different unit cells, and the corresponding force- 
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coi’.stant matrices are obtained by symmetry opera..ons. as given in Appendix A. The .second-nearest-neighbor force- 
constant matrix between the anion atom at R„ and me one at R„«=R, ■f(a t /'2)(0.1.ll is 

x) iy> !‘> 

(x I Kt 0 o 

(2 4 .) 

( n, b = anion. •• union. i!) = (y j 0 v a 

0 v a n a .. 


Apperidijl; A shews how the forcthcotistant matrices for 
other second neighbors are related to Eq. '2.4); a similar 
expression holds for cations, with £ e . ii c , and v c . 

The remaining nonzero elements of the force-constant 
matrix are the diagonal elements, which follow from the 
requirement of i 'variance of the equations under infini¬ 
tesimal translation of the crystal: 

(n,b,i\ ( t>\n,b.i‘) = — 2 ' (n.b.i : 'J> n'.b',i''' , (2.5) 

n\b* 

where the prime on the summation indicates that 
(n\b')=(n,b) is excluded. 

Taking advantage of the translation-group symmetry of 
the lattice, we ehange'basis-to Bloch states: 

; k,b,f) =;V -1/: y n,b,i >exp[-tkdR n -fv t ij, !2.6j 

rt 

where .V is the number of unit cells and k lies in the first 
Brillouin zone. In this Bloch-type basts set, the equation 
of motion, Eq. (2.1), can be written as 

<n : /-D i.5R)=0 (2.7) 

or 

Xifl'Mu-fW D ! k,6\f>)<MV'|5R>=0 , 

r» b* 

(2.3) 

where, we have 
<k,b,/)D|k.6',r> 

MXf b \t b -r wl 2(n,b,i\£:n',b',r) 

n* 

Xexp[tk‘(R n --f V(,--R„-v t )]. 

(2.9) 

This is the dynamical matrix element in the Bloch-type 
basis set, |k,b,i). The phonon dispersion relation is 
determined from the secular equation (2.7) or (2.8), for a 
finite set of k values in a Brillouin zone. The crystal 
eigenstates are linear combinations of the above Bloch- 
type basis states: 

, k,s> = 2{k.b,i\k.s>,k.b,/> . (2.10) 

b.i 

Using the first- and second-nearest-neighbor force- 
constant matrices given in Eqs. (2.3) and (2.4) (and those 
in Eqs. (A4) and IA5) in Appendix AJ, as well as the "on¬ 
site force-constant matrices" determined by the relation in 


Eq. (2.5), the dynamical matrix in the present model is 
con-tructed as summarized in Appendix B. 

Numerical values for the force-constant parameters for 
pure crystals with /.inc-hlende structure can be obtained 
by fitting the model to experimental data at several sym- 
rre'-> points in a Brillouin zone, and to elastic-constant 
data. Appendix C contains a detailed description of the 
fitting procedure. A tabulation of the resultant values of 
the force-constant parameters as well as the atomic 
masses,may be found in Table 1 for GaSb and Ge, and in 
Ref. 15 for other semiconductors. 

2. Densities ofstates 

To obtain the densities of phonon states for GaSb and 
Ge, we employ 1000-atom clusters and execute the recur¬ 
sion method to 51 levels of continued fractions. These pa¬ 
rameters are found .to be necessary to obtain good repre¬ 
sentations of the densities of phonon states and to produce 
well-converged spectra. The phonon dispersion relations 
are compared with available data, and, the densities of 
states calculated by the recursion method are compared 
witfrthose evaluated using the Lehmann-Taut method 21 in 
Figs. 1 and 2 for GaSb and Ge," -25 respectively. As one 
can notice, the sharp Van Hove singularities 25 present in 
the Lehpiann-Taut densities of states are absent from the 
densities of states obtained by the recursion method. 
Thus the recursion method is limited to representing den¬ 
sities of states of all >ys, where the perfect-crystal Van 
Hove singularities are expected to be blurred by the disor- 


TABLE I. Force-constant parameters (in units of 10 3 
dyn/cm) and masses (in units of 10 _: * g). 



GaSb 

Ge 

a 

-39.525* 

-49.470 

P 

-34.W 

-37.159 

a 3 

4.500* 

5.321 

K 

4.500* 

5.821 

!*a 

— 3.697 J 

- 3.0‘>2 

/<c 

-4.467* 

-3.092 


-3.697* 

-3.092 

‘c 

-4.467* 

-3.092 

Afj 

202.1695 

120.5379 


1 15.7722 

120.5379 


‘Parameters lor GaAs obtained from Ref. 22. We used these 
parameters for GaSb as well. 
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WAVE, NUMBER A ' 1 (cm' 1 ) 
0 .. 100 ,200 



ENERGY Ml-( meV) 


FIG. V. Densities of phonon st:i lp 1 ’ rad/sec (top) 

and phonon dispersion; curves (bottom) for GaSb; The density 
of states obtained by the-.recmston method, isoiid line' is com¬ 
pared with the one obtained by the Lehmann-Tan' method 
(dashed line). The phonon dispersion curves are obtained using 
the force-constant parameters for GaSb from Table 1 (solid 
lines), and are compared with the infrared reflection data from 
Ref. 23 at T point (circles), and with the neutron scattering data 
from Ref. 24 (dotted lines). The energies of various phonons are 
denoted on the density-of-states figure, as, for example, LO:C.',A 
for the LO phonon at the U and A points of the Brillouin zone. 
The symmetry points of the Brillouin zone are T = (0,0,0). L 
= (2-/a t )(4-,4-,-j-), -Y=(2:rAiJ(l,0.0). £/= (2-/a t )(1 ,^,t>, 
and A'=(2^/o t )(|,4,0). 


B. Alloy statistics 

In order to tieat the phonons in these alloys in a trac¬ 
table manner, we first need to model the distribution of 
the three types of atoms on the two face-centered-cubic 
sublattices. The simplest approach is to view the substitu¬ 
tional alloy as a III-V compound with an underlying 
zinc-blende structure, but with the group-IV elements 
dispersed randomly. If at first we assume an "on-site 
model,” the probability of occupancy of each atom (Ga, 
Sb, and Ge) on each nominal .sublattice site (a=anion site, 
or c=cation site) is given by 


(/ > Oa)c = ^Sb)’a = l—- v > 

(2.11a) 

( ^*Sb )f = ^ Pqi )<i = 0 i 

(2.11b) 

and 


(Fo..-)c = ^Gc)a=- v • 

(2.l!d 

Note that these probabilities allow uily 
alloy dusters: there is zero probability 

a limited type of 
that a Ga atom 


WAVE NUM8ER X"(cm"I 



(_i 


0 10 20 JO 40 

ENERGY hfl (meV) 


FIG. 2. Densities of phonon states times 10 ,: rad/sec (top) 
and phonon dispersion curves-(bottom) for Ge. The density of 
states obtained by the recursion method (solid line) is compared 
with the one obtained by the Lehmann-Taut method (dashed 
line). The phonon dispersion curves are obtained in the present* 
model (solid lines . and are compared with the neutron scatter¬ 
ing data from Ref. 25 (dotted lines). 


will; sit next to a Ga atom, for example—there are no an- 
tisite defects such as a Ga atom on an Sb site, and hence 
no Ga—Ga or Sb—Sb bonds. 

Missing from the probabilities in Eqs. <2.1 la)—(2.11c) is 
the idea of Newman et al./‘ 4 which postulates that 
(GnSb>i(Ge 2 )^ [like (GaAs^^lGe;)*] undergoes a 
phase transition as a function of alloy composition x from 
ai.anc blende to a diamond uructuro. They define an or¬ 
der parameter M which is nonzero in the zinc-blende 
phase and-is=zero in the diamond phase 'since there is no 
distinction between "anion" and "cation" in the diamond 
structure): 

:Vt =((/ 5 Gj ) c -(P aa > a -r(P S h>a-(^Sb)c'/2. (2.12) 

r.ive assume, for simplicity, that Ge occupies both types 
of -sites with equal probability (<P Ge )<. = </V, c ) a ), and 
also that nominal zinc-blende-latticc sites are occupied by 
br»e of the three types of atoms, then we have simply 

i\L= ( Pqj ) c — ( Pq 3 ) 0 

= <PsuK-(P^ b K ■ (2-13) 

This order parameter can take on al! the values from 
.v - T to 1 -x-. If all the Ga atoms occupy nominal cation 
sites, then we have M = I -.r. ii the Ga atoms are dis¬ 
tributed evenly over nominal cation -ties and nominal 
anion sites, then we have M =0; if all 'iie Ga atoms are 
on the nominal union sites, then we h.ne A/ =.v -1; and 
if we ha\e M , -?e 1 -.v, then some anions and cations are 
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found on nominally "wrong” subhutice sites. The average 
occupancies >>f Ga. Sb. and Ge atoms on nominal cation 
sites c ami on npmina* anion sues a in. the phase- 
'■•ansition mode! are sunimarized as 

< ? Cm >c — 1 1 ~ x —A/»/2 . 

12.i4a) 

(A;A='i-.x-.V/ '2. 

(2-i4b) 

(F Sh ) f = i|-.v-.vn/2. 

t2.l4c) 

< Fsb><i =( 1 ~ x ~-V/)/2 . 

(2.l4d) 

and 



(2.14e) 


The order parameter Mix) is det.rmined within a mean- 
field approximation as the solution of - '' 4 

.V//(1 —,x) = tanh(.V//( 1 —.v c )] , (2.15) 

where the phase-transition composition x c is extracted 
from data. We use x ; =0.3 as.is suggested by both the 
optical absorption’ ard the x-ray diffraction data/ We 
note that the probabilities of atomic distribution in the 
on-site model, Eqs. 271 fa)—12.T lc), can be obtained sim¬ 
ply from the phase-transition model probabilities. Eqs. 
(2.14a)-t2.14e), by replacing .V/with l-.x. 

It should be emphasized that the present calculations 
are based on the phase-transition theory of the alioy as 
evaluated in a mean-field approximation. To be sure, the 
mean-field approximation is not exact and an improved 
theory.may be needed as the data for (GaSb)|_ ,(Ge : i x are 
refined/ 7 Indeed Holloway and Davis :i have recently 
suggested an alternative model of the similar alloys 
(GaAs)(_.,(Gej) t . in which they forbid the formation of 
As-As and Ga-Ga bonds—and hence forbid the order- 
disorder phase transition. Their model assumes that the 
zinc-blende-diamond transition is percolative in nature, 
i.e., the transition is assumed to be controlled by geometry 
alone, with a transition composition x c characteristic of a 
site-diluted diamond lattice, .v f ~0.6. : ‘ Thus their model 
does not either include differences in clustering that can 
arise from different growth techniques or allow for 
temperature-dependent growth. (For example, the restric¬ 
tion of eliminating Ga-Ga and As—As bonds forces the 
probability of finding a Ga-Ge bond to be identical to 
the probability of finding a Ge—As bond.) Given the 
dependence of iGaAsq.* Ge;), x electronic structure on 
growth conditions seen experimentally,' ’* and the ex¬ 
istence of x-ray diffraction data supporting the idea 
of a zinc-blonde—diamond phase transition lor 
(GaSb) 1 _,iGew</ we elect to concentrate here on the 
model which contains those features. We do. however, 
study the difference in phonon dcnxities uf stat.s obtained 
between distribute is given by Eqs. <2.1 lai—>2.1 lo and 
Eqs. »2.l4a»-t2.I4e>. ~ 

C. Force constants 

Based on the atomic distributions defined in Eqs. (2.ID 
and '2 14* above, we generate a 1000-atom cluster 'using a 
random number generator' in which the distribution of 
masses is given either by Eqs. -2,1 lal-»2.l lei for the case 


o; \f = I — x, or by Eqs. <2.i4a/ • 2.!4e) for the case of M 
determined by the nean-field theory widi the occurrence 
of the phase Iran lion at .x f =0.3. Using the force- 
constant parameters for parent compounds in Table I. the 
first-nearest-neigh'‘of force constants a for the six possi¬ 
ble pairs of first-neighboring atoms in <GaSb)|_. t !Ged t 
are given by 


a(tGaSb)|_ x (Ge;t,,Ga—Ga) = a(GaSb) , 

(2.16a) 

o( (GaSb I! _ t (Ge : » t ; Sb—Sb)=a( GaSb). 

‘2.16b; 

cr((GaSb)|_,(Ge 2 i t ;Ge-Ge)=coGe) . 

(2.16c) 

a((GaSb) l _,(Geri,;Ga-Sb)=a(GaSb), 

(2.16d) 

a((GaSb)i_ x <Ged i , x :Ga—Ge) 


= < 1 — .v)a(GaSb)-f.xa(Ge), 

(2.16e) 

a{tGaSb)(_,(Geri t ;Sb—Ge) 


= ( 1 — .x)a(GaSb)-r.xaiGe) , 

(2.160 


We u>e the same relations for /? for these pairs of atoms. 
The second-nearest-neighbor force constants /. for six pos- 
sible pairs of second-neighboring atoms are given by 

/.((GaSb) l _,tGei,. l ;Ga-Ga)s=/ v tGaSb), t2.17a) 

/.(•GaSb'i_ A (Ge : ) il ;Sb-Sb) = /. 3 iGaSb) . i2.!"b) 

/.(iGaSb)|_.,(Ge;), t :Ge—Ge) = /.(Ge) , !2.l7c) 

/.{• GaSbi|_ l (GeD_ t :Ga—Sb) 

= (a c <G aSb)-rA a GaSb))/2 . «2.17d) 

r,(tGaSb)|_.,l Ge>).,:Ga—Ge) 

=t| —.vv. f (GaSb)-r.’CA(Ge}, i2.17e) 

7.(tGaSb)|_.,‘Ge.), T :Sb-Ge) 

=. l -.v‘.'. a tGaSb)-r.v7i(Ge) . (2.170 

We use the s.une lelations for the other second-nearest- 
neighbor force constants /t and v. for these pairs of atoms. 


D. Outline of the calculation 

The local density of states r/' Rjfi) in a disordered sys¬ 
tem depends sensitively on the local atomic environment. 
To obtain 'he total densities of states we sum over an en¬ 
semble of ocal densities of states as follows; li) A specific 
five-atom miniehister is generated, e.g., a central Ga atom 
surrounded by two As. one Ga, and one Ge, for the center 
of the !000-a'.oin cluster: i the probability pul of this 
cluster occurring in an Alloy, with composition x is deter¬ 
mined 'see Appendix D): (iii) the remaining M5 atoms are 
added with the probability for each atom as defined in 
Eqs. '2.1 la)—‘2.1 lei or Eqs. <2.14ai—(2.l4e); and (iv) the 
local density of states i*' computed by the recursion 
method at the centra! site of the minicluster embedded in 
its alloy environment of the 995-atom cluster. The pro¬ 
cess is repeated for all possible mimclusters. each embed¬ 
ded in the 995-atom cluster. The total density of states 
per unit cell is then 
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D(fi;(GaSb),_,(Ge : )J= j P Ax)d K (K;i 1), (2.18) 

* 

where the si'm is over all possible miniclusters, and d K 
and p K are the local density of states and the probability 
of occurrence of thevth minicluster, respectively. 

In addition to the densities of states by the recursion 
method for the above two types of disorder, we also ob¬ 
tained, for comparison, (i) the densities of states for the 
virtual-crystal-approximation alloy as well as (ii) the den¬ 
sities of phonon states in the persistent approximation,’ 1 
which is a linear superposition of the densities of states of 
GaSb and Ge: 

D(fl;(GaSb)|_ x (Ge,)J=(l-x)D(fl;GaSb)-f*D(n;Ge). 

(2.19) 

In the following section, we discuss our results for the 
densities of phonon states and interpret available Raman 
data for (GaSbl^lGei)*. 6 ' 7 


WAVE NUMBER X*' (cm' 1 ) 



ENERGY hfl (meV) 


FIG. 3. Densities of phonon states for GaS'* Ge, t .ilK-vs 
obtained by the recursion method in the ease of M n 1 - a v»hd 
lines*, along with density of states obtained using the virtual 
crystal approximation for .v=0.5 'dashed line'. The assign¬ 
ments given to prominent peaks represent bonds that are resp 
sible for the vibrations’ giving rise to the peaks (see te.vo. 


III. RESULTS AND DISCUSSION 
A. Spectra 

In Fig. 3 we display the calculated densities of states for 
various alloy compositions in the case of the on-site 
model, i.e., the model with M = 1 — .v, as well as the densi¬ 
ty of states obtained by the virtual-crystal approximation 
for x =0.5. In this figure, we can see that the virtual- 
crystal approximation yields a single "amalgamated’'' 1 
optic band. Thus, this approximation does not reproduce 
the two-mode -ehavicr for the optic-phonon spectrum ex¬ 
pected of semiconducting mixed crystals: two sets of 
long-wavelength optic, phonons that are each energetically 
close to those of the parent compounds, GaSb and Ge. 
We conclude that the virtual-crystal approximation- 
should not be used to describe phonons in these materials. 

Figure 4 shows the densities of states calculated for the 


WAVE NUMBER X" 1 (cm' 1 ) 



ENERGY ifift ( .eV) 


FIG 4 Densities of phonon sunes for <GaSb)|_,(Ge:. f alloys 
.'burned ’■» the recursion method in the case of M determined 
b\ nlcan-field theory solid lines*, along with density of states 
obtained u-ing the persistent appro.\ur.,non. Eq. 2.19i. for 
,v »i> 5 dashed line*. Tne assignments given to prominent 
peaks represent bonds that are respou-mie for the vibrations giv¬ 
ing rise to the peaks (see text*. 
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case of .V/ determined by the phase-transition model in the 
mean-field approximation, as well.as the f -rsistent spectra 
(Eq. (2.19)j for .x =0.5. The persistent .pproximation is 
capable of describing at least two optic bands originating 
from the parent compounds, although it does not include 
allay modes, which are characteristic vibrations of various 
atomic arrangements in alloys that do not exist in .he 
parent compounds *e.g.. characteristic vibrations of an Sb 
atom surrounded by three Ga atoms and one Ge atom). 
This approximation seems to work well for quasibinary 
alloys, such as Al x Ca ( _ t As (Ref. 14), where the substitu¬ 
tional disorder is limited to the atomic arrangements on 
one of the two face-ccntered-cubic sublattices: in this 
case, deviations of the recursion spectra from the per¬ 
sistent spectra are relatively minor and can be ;a?.!y at¬ 
tributed to the alloy modes. However, in the case of 
'GaSb)|_,fGe : ) >t alloys (see Fig. 4), there seems u be a 
major difference between the persistent spectrum (dashed 
line) and the recursion spectrum (solid line). This obvi¬ 
ously indicates a high degree of disorder on both sublat- 
ticcs. which gives ri.e to many different types of alloy 
modes, and therefore 'o a variety of peaks in the densitv- 
of-states spectra. 

To see How the different types of disorder affect the vi¬ 
brational densities of states, we compare the recursion 
spectra obtained from the atomic distributions defined in 
Eqs. (2.1 l.u-(2.1 lc) and Eqs. (2.14a)—(2.14e). The differ¬ 
ence between these two models is the type of disorder: in 
one case [the on-site model of Eqs. (2.1 la)—(2.11c)], we 
set the order parameter \t equal to 1 - .x and have no ”an- 
tisite defects" such as Sb on a nominal Ga site, while in 
the otl t case [the phase-transition model of Eqs. 
(2.14a)- 2.14el], the order parameter is determined by 
mean-field theory and antisite defects occur in relatively 
high concentrations. The local densities of states obtained 
by the recursion method for e;.:h central atom in each 
configuration of the five-atom miniclusters are useful an 
identifying the origin of peaks in the total density of vi¬ 
brational modes. Each of the statistically independent 
configurations of the tniniclusters contributes to charac¬ 
teristic peaks in the density of states. We find, however, 
that it is most convenient to associate different contribu¬ 
tions to the densities of states with various "h hds" rather 
that with entire miniclusters. In his scheme, we have 
four different types of bonds for the on-site case of 
\{ = 1 —.v: Ga—Sb, Ga—Ge, Ge-Sb, and Ge-Ge; and 
two additional ones for th- case of A/ determined by 
mean-field theory: Ga—Ga tnd Sb-Sb. We concentrate 
on the optic region since the optic modes are sensitive to 
local atomic order and thus exhibit interesting disorder ef¬ 
fects. 

In the densities of states calculated with Af = 1 — .x (Fig. 
3', we note the existence of some structure in each of the 
two main optic bands. The optic band at the higher fre¬ 
quency is "Ge-like" and increases in intensity with in¬ 
creasing alloy composition, .x, and the optic band at the 
lower frequency is "G.iSb-iike" and decreases in intensity 
as x increase- Both longitudinal and transverse-acoustic 
bands gradually change in positions and intensities on go¬ 
ing from GaSb to Ge. The structures in the main optic 
bands are assigned to vibrations of various bonds as 


shown in Fig. 3. 

The impurity (local) mode at -270 cm -1 for ,x=0.1 
results mainly from vibrations of Ga—Gc bonds. Vibra¬ 
tions of Ge—Ge bonds also produce modes near this fre¬ 
quency: as the „iioy composition .x increases, the Go.—Ge 
and Ge-Ge vibrations gradually evolve to form the Ge- 
like optic band. At .x~0.7 this Ge-like optic band is 
composed mostly of vibrations of Ge-Ge bonds. 

The GaSb-like optic band at .x =0.1 retains most of the 
fe./ures of pure GaSb, and thus the highest peak corre¬ 
sponds to the zone-bcundarv TO phonons (such as the 
transverse-optic modes at the X and I points of the Bril- 
louin zone, denoted TOiAf and TO:L) and the shoulder at 
-220 cm r ' corresponds to the zone-boundary LO pho¬ 
nons (such as LO: U,K). (These can be interpolated from 
the k-space assignments for GaSb in Fig. 1.) As alloy 
composition increases, vibrations from Ge-Sb bonds take.’ 
pan and smooth the shape of the GaSb-like optic band. 
And at .x=0.7 the modes from Ga-Sb and Ge-Sb bonds 
become highly degenerate with the nearby nv'des, and the 
density of states retains most of theTeatures i f pure Ge. 

The densities of states with .V/ determined by the 
mean-field theory (Fig. 4) show much richer, structure, 
than those with A/ = 1—.x. At .x =031, in'addition to the 
mostly GaSb-like feattres, we can see two new peaks. 
These are impurity modes: the peakVat -270 cm -1 is 
mainly composed of vibrations of Ga-Ga land also 
Ga—Ge) bonds, and the peak at —19*5 cm -1 is due to 
Sb-Sb bonds. 

As alloy composition increases, vibrations of Ge-Ge 
bonds take part in the Ge-like optic band, and. .aong with 
the vibrations of Ga—Ga and Ga—Ge bonds, broaden this 
optic band in the range 0.3<.x<0.5. In the GaSb-like 
optic band for 0.3 <.x <0.5, however, although the vibra¬ 
tions of Ge-Sb bonds as well as Ga—Sb bonds contnbute 
to the band, the Ga—Sb plus Ge-Sb line shape in Fig. 4 
appears narrower than the corresponding peak in Fig. 3, 
because of the spectral distribution of the modes. 

The Sb-Sb peak is significant in the theory for .x =0.1 
and 0.3, but ther it decreases in intensity, and is indistin¬ 
guishable from nearby modes for .x>0.5. Presumably 
this occurs oecause the number of Sb-Sb bonds rapidly 
decreases as alloy composition increases. As in the case of 
M = 1 -.x (for which there are no Sb-Sb bonds or peaks), 
the density of states retains most of the features of pure 
Ge for .x > 0.7. 

We now make a comparison with data. In Figs. 
5(a)—9(a/, we display Raman spectra obtained by Krabach: 
et al* and Beserman et a/., 7 along with the densities of 
states for the case of M determined by mean-field theory 
[Figs. 5(b)—9(b)], and for the case of A/ = l-.x [Figs. 
5(c)—9(c)]. In comparing our results with Raman data, 
we recognize that the experimental quantities depend on 
the transition matrix elements (involving electronic states) 
as well as on the densities of phonon states, and that the 
Raman lines are a subset of the density-of-states spectra. 
In particular, for certain experimental geometries and 
light polarizations, in the case of pure semiconducting 
compounds, many Raman matrix elements are expected to 
vanish because of selection rules;**' 33 for example, pho¬ 
nons excited by light scattering have k~0. These selec- 
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tion rules are broken in alloys; certain modes are “disorder 
activated’’ and appear in the Raman spectra. Every mode 
tha« appears in a Raman spectrum should also appear.in 
the density ofpho~on states, although the strength of the 
mode can be quite different in the Raman and density-of- 
states spectra. 

Another caution should be taken^wnile comparing the 
calculated densities of states-with tne data; The peak po¬ 
sitions, as well as the .peak motions' as a function of alloy 
composition, are not accurately reproduced in.the present 
calculations, these numerical inaccuracies are due'to the 
neglect j of long-ranged Coulomb forces apd.due to the use. 
of the rigid-ion model. Even with these limitations, by 
mentally shifting or broadening the calculated densities of 
states by an amount-comparable with the differences be¬ 
tween the theory and the data for crystalline GaSb or Ge, 
the present calculations can be used to identify the princi- 
P'i' spectral^features and to associate them with vibrations 
c, specific bonds. 

Since the Raman-spectra depend v on the densities of. 
phonon states as well as, the Raman, matrix elements, the 
effects of disorder on the Raman spectra are manifested 
in two-ways: (i) new features in the densities of states, 
caused by. .various alloy modes which-do,not-exist in the 
persistent spectra, -may'Contribute to-the Raman spectra; 
and (ii) due to a breakdown of the selection rules, certain 
modes which are, not normally observed, in the Raman 
spectra, of pure compounds (such as. acoustic modes and 
zone-boundary Coptic modes), as well as some of the hew 
alloy modes, become ,Raman active. The alloy modes’are 
likely responsible for the broad'linewidths'Ob.sefveri ih the 
data of Krabach et at} and Besernffan et at} To demon¬ 
strate this, we compare the Raman spectra with the densi¬ 
ties of states in our two models; As mentioned earlier, the 
majopdifference in our two models is in the type of disor¬ 
der allowed—the simpler on-site model (with M — 1 —x) 
does-not include vibtational modes caused:by antisite de¬ 
fects' in thedorm of Ga-Ga bonds orSb-Sb bonds. 'V s * 
examine the spectra in the regions (i) .v <0.15 (ii) 
0.15 <*.v <6.”75, and (iii' x ^>0.75 below. 


1. x <0.15 

Since,the G“-aiom concentration is very low in this re¬ 
gion, the density-of-states spectra for x =C 13, shown in 
Figs. 5 ’>» and 5''), retain most of the- features found ir, 
GaSb, A nev feature is the impurity (local) mode arour 1 
270 cm -1 , which-is*, due to the vibra.i/ns of Ga-Ga and 
Ga-Ge bonds for the spectrum in Fig. 5(b). and is mainly 
due to tl'.e vibrations of Ga- Ge bonds for the spectrum in 
Fig. 5(c). as discussed earlier. 

In the Raman spectrum of Fig. 5(a), we note that the 
Ge-like 1.0 mode at -260 cm“‘ exhibits a riewidth that 
i* relatively broad compared with that of typical impurity 
mode-, in quasibinarv I1I-V alloys A comparison with 
■mr .aleulau-d densioes of states indicates that ids feature 
ufd result from the vibrations of Go atoms, within 
t, * Ge bonds or Ga-Ga bonds, which would give ris*’ to 
- -*■ ader hmwtdth '.tan could be obtained from C"‘-Ge 
rbfdtions only 


WAVENUMBER X' 1 (cm") 



FREQUENCE ft ( I0 12 rad/sec) 
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TIG 5, (a) Raman spectrum-for lG',iSb)o„:tGe : !o t j from 
Refs.-b and 7; (b> calculated dehvty of :phonon states for the 
same alloy obtained by the recursion,method in the case of A/ 
determined by mean-field: theory; and te calculated density of 
states in the case of M ~ 1 - x. 


Even at this low value ofiallbvacomposition, we, notice a 
slight asymmetry in the line shape~of the GaSb-,ike-.LQ 
mode in the data. V\'e speculate that tips feature combe 
attributed to: (it the disorder-activated zone-boundary LO 
phonons of GaSb, which produce a. shoulder around 220 
cm -1 in the densities of states in Figs. 5,(l».arid'5(c): or (ii) 
a long*wavelength GaSb-like TO mode-resulting from the 
"leakage” due to a slight deviation from a perfect back- 
scattering geometry. It was indicatedJn Ref. 7 that this 
weak shoulder is due to the long-wavelength GaSb-like 
TO mode, for .\ <0.1. 15 th modes, however, could coe.v 
ist. discriminating betwevt the two possibilities is diffi¬ 
cult, because uf the weakties.- of the feature involved. 

The long tail in the frequency range between -190 
cm -1 and -210 cm - ’, evident in the data,,may have re¬ 
sulted from disc jer-aettvated viorational modes of 
So -So bonds (the peak around 195 cm* 1 in Fig. 5tbi], 
Note that a gap.is predicted : this ft-quency range by the 
on-site model (Fig. 5tc)]i How. er. the density of states 
of ;h>. vm-site model with M --1 - .v,could produce nearly 
the same fified-gap feature as seen in both the data and 
the phase-transition, model (Fig 5lbi]. after a slight 
broadening of the GaSb-like optic oand. Therefore, one 
cannot state unambiguously from comparing the theory 
and data of Fig. 5 whether or not Sb—Sb bonds are sig¬ 
nificant in the observed i’ mutt spectrum. Nevertheless, 
the comparison of theory with data tn Fig 5<b> strci gly 
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suggests that Sb- Sb bonds are likely present in significant 
numbers, and casts doubt on an earlier conclusion to the 
contrary (which had assumed that ''b—Sb bonds would 
produce a sharp Radian peak). 7 

2. 0.15 <x < 0.75 

Figures 6—8 show the data for x =0.24, 0.34. and 0.56, 
respectively, along with the densities of states obtained by 
the two different models: on-site and phase-transition. 
The two main peaks-in the data exhibit broad linewidths: 
the total widths for alloy composition x =0.34 are ~38 
cm" 1 for the GaSb-iike LO mode, and ~35 cm" 1 for the 
Ge-ljke LO mode. Asymmetry in these peaks is also evi¬ 
dent. In addition, a disorder-activated longitudinal- 
acoustic mode IDALA) is observed in the data at —150 
cm" 1 and thjsridentification is supported by the theory. 

The highest energy pak is associated largely with Ge 
vibrations, and is broad because Ga-Ge and Ga-Ga (for 
the phase-transition model) bonds contribute as well as 
Ge—Ge bonds. The lower peak is a combined Ga—Sb and 
Ge-Sb vibration with a low-energy, shoulder associated 
(in-the phase-transition model) with Sb—Sb bonds. Note 
that the widths of-the two main peaks are larger in the 
phase-transition model than in the on-site (A/ = 1 -x) 
model because of the additional modes due to Sb-Sb and 
Ga-Ga- bonds. We shall see below that the systematic 
trends in these widths lend additional support to the 
phase-transition model. 


WAVE NUM8ER X*‘ (cm*')- 
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FIG. 6. ia) Raman spectrum for tGaSb) fl?6 (Ge )o 21 from 
Refs. 6 and 7; (b) calculated density of phonon state* for the 
same alloy obtained by the recursion method in-the case of 5/ 
determined.by mean-field theory; and (c 1 calculated density of 
states in the ease of M = 1— x. 
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FIG. 7. (a) Raman spectrum for (GaSb)-- f »tGe;)o>j from 
Refs. 6 and’7: (b> calculated density of>phonon states fpr the 
same-alloy obtained by the recursion method in tlje case>of. ;V/" 
determined by mean-field theory; and (c) calculated density-oF 
states in the case of M = I -x. 


2. x>0.75 

Figure 9 show.vthe data for x =0.3 along,with the de>.-. 
sities of states obtained by the'two different models; We 
note that the dehsities of states retain mostrof the.,features 
of Ge [Figs. 9lb) and 9(c)], and'that the ; impurity, modes, 
due to Ga and Sb atoms arc-not distinguishable from the; 
zone-boundary phonon modes of; Ge (such as L Q;X, 
which is degenerate with LA:.V ( an;d' J L'0:X*l. This is con,-, 
sistent with the data [Fig. 9(a)], iri which the GaSb-like, 
LO mode is no longer Jetecta^Ie.fdr x > 0.^73. 

B. Alloy dependence of Imewjdths and entropy 

In these alloys-for 6.05‘<„c <0.95 the phonon Raman 
linewidths are due primarily jp di$order, and- or to damp¬ 
ing. For example; the Ge-like LpTnodeior Ge-Ge bond 
vibration) is nearly degenerate with vibrational modes of 
the Ga—Ge and Ga—Ga bonds, becausei'Ge andjGa have 
similar masses. These Ga-re!ated modes .arise! n,t he alloy 
and give the appearance of broadening the Ge-like LO 
mode. Thus the .alloy lihewidthis due primarily to inho- 
mogenepusbroadening by. disorder-related alloy modes. 

The linewidths in the phase-transition model appear 
broader than, those in the on-site model (Figs. 3 and 4), be¬ 
cause of the presence of the additional modes associated 
with untiMte-defect Ga—Ca and Sb—Sb bond vibrations. 
Thus the alloy dependence of the Raman linewidths 
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FIG. 3. !a) Raman spectrum for (GaSb) f<w (Ge : )o <<, from 
Re f s. 6 and 7; (b) calculated density of phonon states for the 
same alloy obtained by the recursion method in the case of M 
determined by mean-field theory; and (c! calculated density of 
states in the case of M = 1 -.x. 


should be a good indicator of whether such antisite de¬ 
fects are present in significant concentrations. 

The observed Raman peaks are due to a superposition 
of nearly degenerate modes and (according to the theory) 
would be highly structured in the limit of zero broadening 
and anharmonicity. Therefore it is difficult to define 
theoretically which substructures of a peak should be con¬ 
sidered part of that peak when computing the peak's 
linewidth. Moreover the present theory does not include 
either Raman matrix elements or t*"* effects of anharmon¬ 
icity and broadening—making it impractical to define and 
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FIG. 9. tai Raman spectrum ior iGaSbi a; ,,(GeOfifrom 
Refs. 6 and 7. tbi calculated density of.phonon states for the 
same alloy obtained by the recursion method in the case of M 
determined by mean-field theory. and >o calculated density of 
states in the case of M -1 -x\ 


predict quantitatively lincwidths corresponding to theob- 
served-Raman peak widths. Hence we seek a semiquanti- 
tative measure of the linevyidths in terms of the entropy,, 
which can be compared with the data. 

Qualitatively the composite linewidth of the Ge-like LO 
mode and its adjacent alloy modes will be maximum when 
the disorder is maximum. In other words, the linewidth 
qualitatively reflects the disorder or entropy of the alloy. 
To illustrate this point, we compare in Fig. 10 the entropy 
per site 4 as a function of .x calculated in the phase- 
transition model using mean-field theory): 


S (jc )/k B = (P 0a > f In ( P 03 > f + ( Pm >c In < /» A , >c + < P G * >c In < P& ) t 

= ((1- .x f Vy)/2]ln[(l-.x-r3/)/2]-r[(l-.x-'A/)/2]ln[(l-.x-.U)/2]-r.xlnu) . (3.1) 


with the Raman linewidths of Ref. 7. Here k B is 
Boltzmann’s constant. Note the kuk in the data [Fig. 
10(a)] near .x=sO:3 for both the GaSb-like and the Ge-like 
LO modes. Furthermore, the width of the Ge-like LO 
mode has an x dependence similar to that of the entropy 
of the phase-transition model [Fig. 10(a)]. (The GaSb-like 
LO mode for x >0.3 merges with the mostly Ge modes 
of Figs. 3 and 4 cannot be separated from the other 
modes, and hence a similar comparison of its linewidth 
with entropy cannot be made.) 

For comparison, we also show in Fig. 10(b) he corre- 


I 

sponding entropy per site computed for the phase- 
transit'on model with .x f =0.2 and.0.7, respectively, and 
the entropy per site for the on-site model with no phase 
transition: 

Six)/k B =( 1 -.x)ln( 1 —.xi-f-.x Int.x). (3.2) 

Only the entropy of the phase-transition model with 
.v r ss0.3 has a kink and a maximum at the same composi¬ 
tion as the maximum Raman linewidth. 

In the absence of a phase transition, the entropy is a 
maximum at the composition .x for which the probabih- 
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FIG. 10. lal Total linewidth in cm -1 as a function of compo¬ 
sition x for the Ga^h-like (triangles) and Ge-like (circles) LO 
modes, after Refs. 7and 3. The GaSMike mode has been fit in 
Ref. 7 to two straight lines (dashed curve). The entropy i per 
site (d- ided by Boltzmann's constant) as a. function of x, calcu¬ 
lated using mean-field theory foriGaSbli^tGed, and assuming 
x c =0.3 (solid curve) is plotted on the scale on the right-hand 
side of the figure. The scales have been chosen such that the Ge 
LO mode linewidth and S< t)/k B coincident their maxima, (b) 
Entropy S per site as a function of ,x, calculated using the on¬ 
site model of Eq. (2.11) (solid line) and the phase-transition 
modefwith .x c =0.2 (dashed line) and 0.7-(dotted line). Note (in 
(a)] the similar shapes of S'(.xr) and the linewidth of the Ge-like 
LO mode. Note also the kink discontinuities in Six) at'x, 
(characteristic of a phase transition) that are seen both in the 
theory and in the experimental linewidth curves at x=-.0.3 to. 
0.4. The maximum of Six) would not necessarily occur at 
x~0.3 if the critical composition were different (b). For x ( < j 
the discontinuity in 5 occurs at x e and the maximum occurs at 
x = -j-, as demonstrated for x t =0.2 (dashed line of (b)J; for 
x e > y, the maximum occurs at x =x { , as demonstrated for 
x ( =0.7 (dotieJ line of (b)]. 


ties are equal for finding the various allowed substitution¬ 
al atoms on a given site. For the on-site model (i.e., for 
M = l-.x), the maximum is at x=t. For the phase- 
transition model, for x t < }. the maximum is at x = {, 
the composition at which there are equal numbers of Ga, 
Sb, and Oe atoms on a given site. Additionally, for the 
phase-transition model, the entropy exhibits a kink at 
x =.x f characteristic of a second-order transition, as cal¬ 
culated in a mean-field approximation (the second deriva¬ 
tive of the Gibbs free energy is discontinuous). 31 If we 
have x c > y, this kink represents the maximum of the en¬ 
tropy. - 

Clearly, of the calculated curves presented in -Fig. 10. 
only the result for the phase-transition model with 
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x' 


Go 3b (Go Sb) f (Ge 2 ), Ge 

FIG. II. Illustrating our interpretation of the discontinuity 
as a function of.x in the Raman peak position of the Ge-like LO 
mode, as observed in Ref. 7: There are two principal bond vi¬ 
brations, Ge—Ge and Ga—Ge. We have drawn parallel lines 
through the data for, G'e—Ge and Ge—Ga modes, separated by 
=:7 cm -1 , the.separation predicted for x =0.5. -Nc:e that the 
theory, which does not include long-ranged forces, does not ac¬ 
curately predict the positions or slopes of these lines, but only 
predicts the splitting between them. 


x c =0.3 [Fig. 10(a)] exhibits the same qualitative depen¬ 
dence on. alloy composition x as the observed Ge-like LO 
mode width. The fact that the observed linewidth of the 
Ge-like LO mode exhibits the same qualitative depen¬ 
dence on x as the phase-transition model’s entropy, name¬ 
ly that it hasa maximum for x~0.3, is evidence support¬ 
ing the phase-transition theory—and against the-on-site 
model. Clearly (GaSb)|_ ; ,(Ge ; ) Jt grown under conditions 
such that..x c is greater than 0.3 (Ref. 30) should exhibit a 
maximum Raman linewidth at the different critical, com¬ 
position x e . 

C. Peak positions 

Beserman et al. 1 noted that the peak position of their 
broad Raman line for the Ge-like LO mode, when plotted 
as \ function of x, exhibits a discontinuity of ==7 cm -1 
near .x ==0. 8 (see Fig. 11). The present theory (Figs. 3 and 
4) provides a simple and natural explanatipn of this 
discontinuity: -there are two types of bonds contributing, 
significant-but separate subpeaks to the Ge-like LO mode 
Raman line, Ge-Ce and Ge-Ga bonds. In GaSb-.tch 
material {x <0.7) the main spectral feature observed is 
dominated by the Ge-Ga bonds, but in Ge-rich alloys 
(.x >0.7) the Ge-Ge peak dominates. The theory shows 
-that these two subpeaks are separated of order 7.4 cm -1 . 

D. Asymmetries of Raman lines 

The Raman data for (GaSb)|_ x (Ge0 4 are abnormally 
asymmetric, as shown in Ref. 7: the GaSb-like (Ge-like) 
LO mode peak has maximum asymmetry for .x=0.2 
U~0.8) and these asymmetries are not smoothly varying 
functions of .x. 

These experimental facts are simply explained: the 
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GaSb-like Raman peak lias contributions from the Sb—Sb 
bond subpeak on its low-energy side (see Figs, 6 and 7t, 
which is especially visible for .v <0.5. Likewise Ga-Ge 
bonds contribute on the low-energy side of the Ge-like LO 
Raman line for a: >0.7 (see Fig. 11). The fact that the 
asymmetries are hot smoothly varying functions of x indi¬ 
cates that different modes from the main LO modes are 
responsible. 

E. LO-TO splitting 

•The zone-center optical phonons of a crystal experience 
<a Lyddane-Sachs-Teller .splitting that; should be propor¬ 
tional to the square of the average dipole moment per unit 
cell. 16 In an alloy, this prescription has not been fully jus¬ 
tified (except in a virtual-crystal sense); nevertheless, we 
employ it here to predict the x dependences:of the k = 0 
LO and TO modes in (GaSb)|_,(Ge ; ' x . The dipole mo¬ 
ment per unit cell is proportional to the order parameter 
Mix), and the proportionality constant can be determined 
by fitting the observed splitting for x =0. The order pa¬ 
rameter, in a mean-field theory, is approximately propor¬ 
tional to (x c —x) wl , indicating that in the mean-field ap¬ 
proximation the LO-TO splitting of the UaSb-liKe k=0 
optic mode should decrease approximately linearly from 
x =0 to x =0.3. Such a decrease in the LO-TO splitting 
is indeed observed, although the decrease is not necessarily 
linear in x c -x (see Fig. 12). [One expects that more ac¬ 
curate calculations using the renormalization group or 
some similar technique would determine that the LO-TO 
splitting decreases as u f -x) :fl , with,/?=s0.325. 55 ] The bi¬ 
furcation of the GaSb-like k=0 mode at x 2:0.3 is a 
consequence of the change of symmetry from a zinc- 
blende structure for x <x c , in which there is a net dipole 



0,0 0.1 0.2 0.3 


X 

GaSb (GoSb) | . i (Ge ! ,) i 

FIG. 12. Raman peak positions H ...i cm"'i of the GaSb 
k = 0 LO and TO modes in iGaSbi,_ A .Ge.i A versus alloy com¬ 
position a. after Refs. 7 and 8, compai .d with the predictions of 
the phase-’.ransitio.rmodel plus a Lyddane-Sachs-Teller LO-TO 
splitting proportional to the squate of the order parameter .V. 
The bifurcation at ,v f cs0.3 of the diamond-phase optic mode 
iO>. into LO. and TO modes is characteristic of the order- 
disorder zinc-blende—diamond phase transition. Here the 
theory is shifted down cs4 un~' to coincide with the data for 
GaSb, but the var...tiwu of the.peak position with x..di),d.\. is 
not adjusted to accoum.for long-ranged forces omitted.from the 
model, and so is not aecui. .'.ely predicted. 


moment per ,unit cell, to a diamond structure for .x >.x f . 
in which there is no average dipole moment and no dis¬ 
tinction between anion-an! cation sites, This is a general 1 
feature of the phase-transition model. 

Certainly the bifurcation will »•?: be as sharp ns predict¬ 
ed in this simple theory, and alloy fluctuations will 
broaden the, GaSb-like optic modes, especially f >r .x~.x f 
Nevertheless, the dam exhibit this splitting, which i; evi¬ 
dence of the phase transition. Indeed, the zone-center 
LO : TO splitting offers a means to directly determine the 
square of the order parameter. 

!V. SUMMARY 

To our knowledge, the theory presented here is the 
first comprehensive treatment of phonons in 
(.4 lll S v )j_ A (Cl' ) x metastable, substitutional, crystalline 
alloys. 'We have presented predictions for both the 
phase-transition model and the on-site model, and- have 
compared them with data. While the comparison favors 
the phase-transition model, the evidence is not compel¬ 
ling. We suspect that a co r rect model of these alloys em¬ 
braces the essentjajs. of: the . phase- 1 ransjtion model, but 
goes beyond the mean-field approximation to include 
correlations in the atomic-positions. Such an improved 
theory will still have Sb-Sb.and Gu-Ga bonds, but they 
will be fewer in number than for the.present mean-field 
theory.-' 6 

The main features of the, Raman dat.. are well described 
by the theory, despite the fact that many of those features 
were previously though: to be anomalous. The Raman 
linewidths are a measure of the alloy disorder and vary 
with .x it; a similar fashion to the entropy of the phase- 
transition model. The observed dependence of the Raman 
linewidth appears to be inconsistent with the on-site 
model. The appaiem discontinuity, us a function of .v, of 
the Ge-like. LO Raman mode is attributed to the fact that 
separate but nearly degenerate modes associated with two 
distinct types of bonds, Ge—Ge and Ga-Gc. contribute to 
the Raman peak—and the dominant bond changes with .x. 
The apparent anomalous asymmetry of the Raman lines is 
due to Sb—Sb and Ga—Ge sideband modes. Finally, the 
order parameter of the zinc-blende—diamond phase tran¬ 
sition can be extracted front the, Lyddane-Sachs-Teller 
splitting of the GaSb LO and TO phonons at k = 0. 

In general the model accounts !or all the essential phys¬ 
ics of the spectra of these alloys. It demonstrates that 
virtual-crystal and persistence approximations to the pho¬ 
non spectra are inadequate. Nevertheless, the theory itself 
requires improvement tv make it truly quantitative, and 
long-ranged forces-shot:!J-be incorporated int' she model. 
We hope that this work, will stimulate furth. .aeorvuet. 
and experimental investigations of phonons in these in¬ 
terest!, g alloys. 
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APPENDIX A: SYMMETRY OF FORCE-CONSTANT 
MATRICES 

Choosing the origin at an ion, the positions of its four 
nearest neighbors are r ( =(a t /4)( 1,1,1), 
7, = (u t /4)(-i.-l.l), r,=(a t /4)(i,-l.-l), and 
r 4 = ( - 1,1,- !4. Similarly, the positions of the 12 second 
nearest neighbors are given by the nonzero combinations 
o" r r Tj, for / and j ranging from 1 to 4. 

Applying the symmetry of the crystallographic point 
group T d , with an x, y. and c basis, the first-nearest- 
neighbor force constants between the 6th ion at the origin 
and the b' ti: ion at the position r, are parametrized as in 
Eq. (2.3), and the second-nearest-aeighbor force constants 
between the 6th ions at the origin and at the position 
(o t /'2)(0,1,1) are parametrized as in Eq. (2.4). In this ap¬ 
pendix, we use the notation $ tl) and <i> : for the 3X3 
force-constant matrices given by Eqs. <2.3) and (2.4), 
respectively. 

The force-constant matrix between an ion at the origin 
and an ion at the po-.tion can be obtained from 'b 1 ' 1 by 
rotating-the.coordinute-systercuby r around the-zaxis: 

a 13 -13 

R:±' U R.= 13 a -(3 , (AT.* 

1-13 -13 a 

where ; we : have the rotation matrix in the form: 


-I 0 0 

R.= 0 -10. (A2) 

0 0 I 

The force-c-mstant matrices between an ion at the origin 
and ions at the positions r 3 and r 4 can be obtained by 
similar rotation operations. 

The force-constant matrix between the 6th ions at the 
origin and at the position (a L /l HO. — 1,1) is derived from 
<j>‘ : ’ by operating with R.: 

h 0 0 

R;>V U R : = 0 fi b ■ -v b . (A3) 

0 -v 4 ji b 

The other ten force-constant matrices for the second- 
nearest neighbors can be easily obtained by similar sym¬ 
metry operations. 

These force-constant matrices can be written in a com¬ 
pact form using the direction cosines U,m,n ) of the \ector 
connecting the two ion positions: 

a 31m/3 3 In 13 

<b ,| '(/,m,«)= 3 lm[3 a 3mnP (A4) 

2ln(3 3 mn/3 a 

for first-nearest neighbors, and 



2. 4 t!-2/ : )-r2 ( u 4 / : 2 /mvj 2!n v b 

<b' 2, (/;m,/i)= 2lmv b k b ( 1 — 2m 2 )-f2/i 4 m : 2 mnv b (A5) 

| 2ln\’ b 2mnv b /^ b (.k-2/r) + 2/j b tr 

for second-nearest neighbors. The direction cosines (/,/«,/;) take the values, for instance, t —3 -l/, ,3 -l/2 , — 3 _l/ ’) for 
la,. /4\\Z 1.1, — ii and (0.2“ 1 /2 ,2~ 1 /2 ) for (/2)(0,1,1). 

In using the recursion method, wherein a finite cluster of atoms is g.hcrated, it is convenient to use the above 3x3 
force-constant matrices in terms of the direction cosines, for each pair of atoms. 


APPENDIX B: DYNAMICAL MATRIX. 

With use of the force-constant parameters introduced in Sec. II, the 6x6 dynamical matrix 1 D(k)for each k vector th 
Eq. (2.9) can be written as 


6 / 6 ’ 

D( k)= a 


a c 
Qa Qac 

Qac Qc 


(Bl) 


Each,element of this matrix is a 3X3 matrix. The omsite matrix D a for the anion is given by 

* I a,x) ! a,y) \a,z) 

(a,.v I a+Aa/ifki-b/tagiik) v a /i,(k) v 3 /i : (k) 

! —\t a /4)D a = (a,y j v 3 //,(k) a-J-A 3 />(k)-fp a g 2 (k) v a /i 3 (k) 

(a,: ( v 3 /t : (k) v a /tj(k) a-rA a /j(k)-t-/t a gj(k) 


(B2) 
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where .(with a L being the lattice constant) 


.f|(k) = t'| -ft'i-rC 4 , 


/,(k)=l-cost ~a L k y )cos( ~a L k .), 
£Ak)= 1 - cost ~a L k.)cos{ ~a L k x ) , 


/j(k) = 1—cos( ~aik x )cos( ~a L k y ) , 
g ( (k)=2—cos( ~a L k x )[cos( ~a L k y ) -*■ cost ~a L k .)] , 
g2{k)=2-cos(7ra L k y )[cos(Tra L k.)~cos(ira L k x )],, 
g j( k) = 2 - cost rra L k .)[ cost ~a L k x ) 4- cost rra L k y )], 
h | (k)=sint rra L k x )sin( it a L k y ), 
/i2(k)=sin(™ i ^)sih(^fl i fc.), 


h j (k) = sint ~a L k y Jsint k.). 


The,on-site matrix„D f , for, the cation, is identical in form 
to D a , except that the index a is everywhere replaced by c. 
The off-site matrix D at is given by 




(a,x I 

W■! 

(a,z | 


I c,x > j c,y > | c,z ) 

a5|(k) I3s,( k) /frjtkJ 
:/?s ; {k) ots,Ck) ,/?j 4 (k)- , 
-/frjtk) Bs t (k) aS|t,k) 


where we have 


(B3) 


s>(k)=c'| 4-e 2 ~c\ — e 4 ; 
jj(k)=C| — e 2 — Cj -fe 4 , 

X 4 (k) = C | — CM + C’j —1’ 4 . 

The e,'s (r= i, 2, 3, and 4) are given by 
c | =exp [i~a L ik x ~k y 4-k. )/2] * 

<? 2 =exp[i-a, - ( — k x ,-k y ~k. ),'2j , 
ej=exp[/Va/_(A:, —A^, — k. )/2] . 
e 4 = exp[; -a L (—k x + k y -k.)/2] . 

Despite ’the importance of the long-ranged Coulomb 
forces, we ignore these forces and use the rigid-ion model 
•with first- and second-nearest-neighbor force constants 
for describing the lattice dynamics of semiconducting 
compounds. 

APPENDIX C: FITTING PROCEDURE 

At points of high symmetry in the Brillouin zone, the 
dynamical' matrix becomes block diagonal'. We can ex¬ 
press the frequencies at these points in terms cf the force- 
constant parameters, and determine these parameters by 
fitting the frequencies with experimental data. The ana¬ 
lytic forms at the f. X . and L points are 


nUo; r)=n : (TO; n=,-4qu m a +1 /\i ( > 
U4 («4-4/, a )/A/ a 

?n -<LO;M 2 (LA;*)= y { ^ e)/Mc , 


(Cl) 

(C2) 


and 


n-Vrp;*), n-(TA;T )& - [ 2 «{ 1 /M a ~ 1 /M c ) 4-4 <\ a + f i a )/M a ~Mk c ~n c )/St c )] 

t[ | 2a( 1 /M a -1 /\f c )-r4(/. a ~n a )/M a -4(/. c ~ft c )/M c [ 2 

4- \6l3 1 A\f a M ( )) ui (twofold degeneracy), (C3) 

n 2 (LO;U n : (LA;L) = -[2a( 1 /M a 4-1 /M c )-f2U a /M a -f k c /\t ( ) + 4(/t 0 /M a ~ t i c /\t c )+4( v a /M a xv f /M t )] 

± [ i 2a( 1 /Sf a -1 /M c ) 4- 2( /. 0 /M a - /. f /M ( ) 

-i-M f i a /Sf a —fi c /Si ( )t4(v 0 /.\/ a — v f /M c ) 1 2 -i-4( -ct~2p) 2 /(St a S1 ( l] ,/: , (C4) 

n : (TO;L), n 2 (TA;L) = - [2a( 1 /U a ~ 1 /M e )~2{k a /M„ 4 - k e A\t c ) 4 -4(/z a /U 0 )- 2( /M a ~ v c /.V/ f )] 

r[ 1 2a( 1 /M a - 1 /M c ) 4-2( /M a -k e /Af e ) 

4-4(/i 0 /M a - t i c /St e )- 2( v a /U a - V' /St' I 2 

4-4(ot4-/5)~/(A/ a .\f c )] l/2 (twofold degeneracy; . (C5) 


In addition, by taking the elastic-continuum limit of the 
equation of motion,'' s we have the following relations be¬ 
tween elastic constants and force-constant parameters: 


Ci: = ( - \/ai t )[2(i-a~Mv a 4 - v e i-2(/. u --k t 1 

-2(/z a 4-/< f i) . (C7) 

c 44 = ( - 1/a, )[a4-2(X a 4-A f )4-2(/< a 4-/, f )—(} 2 /a] . 

iCS) 


c u =(-l/a t )[a4-4(/, a -r/i c )] . 


(C6) 
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where a L is 'he lattice constant. 

In determining the parameter a from phonon disper¬ 
sion curves, the squared frequency, tt : (LO;D 
[ = f2 : (TO;D in the present model], needs to be replaced 
by (fi’lLO:D- t- 2f2*(TO;Dj/3, since the LO-TO split¬ 
ting exists in the experimental data for these mode fre¬ 
quencies. With this replacement in.Eq. (CD, we have 

a= -[\l a M c /4( M a -r M c )H 12 : (LO;D+2.Q 2 (TO;D]/3 . 

(C9) 

The parameters y. a and fi c are determined from Eq. C2) 
as 

jx a =( —.V/ a /16)n : (LA;.V)—a/4 , : 

(CIO) 

/i f = ( -jV/ e /16)ft J (LO;A()—a/4 , 
for \I a > \f c and 

p a = (- .V/ a /16 m : ( LO;,Y) - a /*, 

(Cl 1) 

/if =( — \( e /A 6)fl’(LA;.Y)— a /4 ,. 
for M a <.V/ C . 

The determination of the parameters A a , a c , y a , v a , and 
/J, using the relations given by Eqs. (Cl) to (C3), depends 
on the data ivailable for each material. In some cases, a 
reduction of the number of parameters is necessary, be¬ 
cause of lack of data. If we assume a central force operat¬ 
ing between ions, we have 

ji6 = v 6 -rAi (b =a and c). (C12) 

Banerjee and Varshni" have assumed the relation 

= (b =a and c) (C13) 

in concurrence with the central-force modeP 9 and the 
angular-force model. - ' 0 

Various combinations of the relations in Eqs. (Cl) to 
(C8), with or without the simplifications given in Eq. 
(C12) or (G13), were attempted. (Our parameters were 
also compared with those obtained by Banerjee and 
Varshni.") Judgment was made according to how well 
the phonon dispersion relations and global features of the 


densities of states were reproduced. For GaSb, the param¬ 
eters for GaAs obtained by Banerjee and Varshni" were 
found to be excellent. Here we set one parameter, 
-•presenting the long-range Coulomb forces in their 
model, to zero.) We use these parameters for GaSb as 
well, replacing the mass of As with the mass of Sb in the 
dynamical matrix. For Ge, using the relation in Eq. 
(Cl3). the four parameters a, [i, n (=v), and a were deter¬ 
mined bv fitting n 2 (LO;D [»nr(TO;D], n : (TO:.Y), 
Hi LO:X) (=n : LA;.V)], and !2 : (TA;.V> to neutron 
scattering data. 25 There is, of course, no distinction be¬ 
tween anion and cation, and thus we have A a = a c = a, for 
example. 


APPENDIX D: MINICLUSTER PROBABILITIES 

The probability of occurrence of a five-atom miniclus¬ 
ter in which the central atom is a Ga atom on the nominal 
cation-site, with / Ga atoms, m Sb atoms, and n Ge 
atoms distributed:over-the four nearestmeighbornominal' 
anion sites of the central Ga atom is 

< Pa, )c«Pa, )a )'< (F 3b > a H (P c ,),)" • (Dl) 

Such a cluster of neighbors occurs 4!/(/!m In !) times. The 
probabilities of occurrence of various nearest-neighbor 
clusters were calculated using Eqs. (2.14a)-(2.14e). In 
case Ga atoms are allowed to occupy the nominal anion 
sites, as in the model using mean-field theory, t! •; proba¬ 
bilities are identical in form, except that the indices u and 
c need to be interchanged everywhere. The probabilities 
of occurrence of five-atom miniclusters with a Sb atom on 
the central site, and with a Ge atom on ! the central site, 
are obtained by a cyclic permutation of the indices speci-.- 
fying atoms: from (Ga.Sib.Ge) to (Sb.Ge.Ga), and to 
(Ge.Ga.Sb) respectively. There are, therefore, 15x2x3 
stadstically independent configurations in the zinc-blende 
phase, and 15X3 statistically independent configurations 
in the diamond phase (since we do not distinguish between 
anions and cations in this phase). The probabilities for- 
the model with no antisite defects (.V/ = 1 -.x) can be ob¬ 
tained from Eqs. (2.1 la)—(2.1 lc). 
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ABSTRACT 

The observed chemical trends In Schottky barrier heights (l.e., the 
variation In the barrier height as a function of the alloy composition x, 
or the dependence of the barrier height on the anion or cation species) are 
explained by Fermi-level pinning due to defects. Microscopic calculations of 
surface defect levels, rather than phen-'menoloslcal- arguments, are presented 
to support this viewpoint. We find that the slope of the pinning defect level 
as a function of alloy composition (dE/dx) Is a signature of the defect type. 
In the case of Ai x Ga^_ x As/Au contacts for all compositions x, and for 
Al x Caj_ x As/Ai and Ai x Gaj_ x As/In contacts cor large x, the Schottky barrier 
heights are attributed to Ferml-level pinning by cation-on-anlon-slte antlslte 
defects (|dE/dx| Is large). Ai x Ga^_ x As/Ai and Ai x Caj_ x As/In Schottky barriers, 
for small x, are attributed to Ferml-level pinning by anlon-on-the-cation-slte 
antlslte defects (|dE/dx| Is small). This Interpretation Is supported by both 
detailed calculations and the results of a simple four-atom model. 
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I. INTRODUCTION 


Over che years, there have been many attempts to understand the observed 
chemical trends tn Schottky barrier heights — the dependence of on the 
anion or cation species, or on Che alloy composition x. In the past, such 
attempts have had che disadvantage that no fundamental microscopic foundation 
has been available. The Introduction of Bardeen's concept of Fermi-level 
pinning [1] and Spicer's defect model [2-5], however, have provided a general 
framework chat makes it possible to understand chemical trends In from a 
microscopic point of view: Since the Schottky barrier height In che 
Fermi-level pinning model Is approximately equal to che difference between a 
band edge (conduction band edge for an n-type semiconductor and valence band 
edge for p-type) and the relevant defect level (lowest acceptor level for 
n-type; highest donor level for p-type), chemical trends In barrier heights 
are explained by the combined chemical trends In band edges and "deep" defect 
levels at. the semlconductor/metal contact. 

Recently we have reported theoretical predictions of Schottky bar «r 
heights for Au contacts to various IXI-V alloys [6] and for transition-metal 
contacts to Si x Ge^_ x alloys [7], The III-V/Au barriers are attributed to 
Fermi-level pinning by catlon-on-anlon-slte II1-V surface antisite defects 
[6). Tho Sf x G®j. x barriers are attributed to Fermi-level pinning by 
Interfacial dangling bonds [7], For both systems, the theory Is In quite good 
agreement with the measured barrier heights, with the observed chemical trends 
being particularly well described by the theory. 
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Here we extend the simple theory of Ref. [6] and consider both antisite 
defects, including the the anion-on-caclon-s'.te antisite defect. Our principal 
motivation is to compare the alloy dependences for the Schottky barriers that 
result from Fermi-level pinning by the two different types of antisite 
defects. As discussed below, we find that dE/dx is very different for the two 
defects in some cases, where S is a Fermi-level pinning defect energy level 
and x is the alloy composition. This appears to explain the different 
dependences on x of observed barrier heights of AJt x Ga^_ x As with A1 and In 
contacts on the one hand, and with Au contacts on the other hand. 


II. Simple Four-Atom Model 

Before giving the results of our detailed calculations — which employ 
the sp 3 s* model of Vogl et al. [81 for the bulk electronic structure, the 
scaled-atomic energy model of Hjalaarson et al. [9] for the impurity 
potentials, and the analytic Green's function technique [10] — let us 
consider a very simple four-atom model for each of the two surface antieite 
defects: the antislte atom at a surface and its three nearest-neighbors. We 
will find that this model provides a remarkably good description of the 
chemical trends, and tends to Increase our faith in the central results of the 
much more complicated calculations. 


The simple four-atom model can be constructed by first considering a 
five-atom model consisting of an antislte impurity in the bulk and its four 
neighbors, and then replacing one of the four neighboring atoms by a vacancy 
— to simulate tha semiconductor surface. In the bulk, an anion or cation 
antislte defect is tetrahedrally coordinated, which leads to deep level 
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electronic states of Aj (s-like) or T 2 (p-like) symmetry. The symmetry is 
reduced at the surface, and the states of Aj and Tj symmetry mix. 


A. Bulk antisite Defects 

For concreteness, consider the .nion-slte built antlslte defect (Ga As ) In 
CaAs. Take as a basis (1) the s- and prorbltals of the antlslte defect atoms 
|s> and |p> (with energies e s and tp) and (11) the main s-llke (or 
Aj-symmetric) and p~llke (T 2 “symmetrlc) orbitals of the rest of the solid 
without the central atom — namely the and T 2 orbitals of a vacancy (with 
energies E(Aj;v) and E(T 2 jv)). In a model which considers only the defect and 
Its four neighbors, che vacancy A^ orbital is 


IAj;v> - ( |1> + |2> + |3> + |4> )/2, 


( 1 ) 


where |l> Is the Inward-directed sp^-hybrid centered on the l-th neighboring 
site (11). Similarly the relevant T 2 ~vacancy orbital Is 


|T 2 ;v> - (12)” 1/2 ( |l> + |2> + |3> - 3 j4> ). 


( 2 ) 


The i orbital of the antlslte Impurity only Interacts with |Ajjv>; and the p 
orbital which is polarized toward atom 4 interacts only with |T 2 ',v>. Notice 
that the wavefunctlon 1$ equally distributed among the four hybrids for the 
|Aj;v> orbital, but Is more heavily weighted on hybrid |4> for the |T 2 ;v> 
orbital. The model bulk antlslte Hamiltonian can be simply written as a direct 


sums 
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I H(Aj) 0 \ 

\ 0 H(T 2 ) ) 

where we have (tn the basis |A^;v> and |s>) 

/ E(Aj jv) -t^) \ 

H(A t ) - I 

\ -tCAp t, j 

and (In the basis |T2 *,v> and |p>) 


’bulk 


H(T 2 ) - 


/ E(T 2 ;v) -c(T 2 > \ 

\ “ t(T 2) e p / 


( 3 ) 


(4) 


(5) 


The vacancy energies E(Ajjv) and E(T 2 ;v) are obtained from Green's function 
calculations [91 of Ideal vacancy energies, and are the eigenvalues of H(A^) 
and H(l 2 ) In the limit of e g and c p being infinite [121. The energies e s and 
ep are determined from atomic energy tables; for example, e g Is 802 of the 
difference Is s-orbltal energies of Ga and As for Ga on the As site In GaAs 
[8,9J. The coupling parameters t(Aj) and t(T 2 ) are obtained by fitting 
calculated (91 bulk antlslte defect levels. 


B. Surface antisite Defects 

We next change one of the four neighbors (atom 4) surrounding the 
antlslte into a vacancy. This Is accomplished by allowing Che antisite only to 
Interact with the a^ or c-llke molecular orbital, which has no amplitude on 
atom 4: 


1 aj> - (/3 |A i; v> + |T 2 ;v> )/2 


( 6 ) 
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The surface Hamiltonian of the antlslte Interacting with only three 
neighbors becomes (In a basis |a^>, |s>, and |p>) 


H surface 



(7) 


where e(a^) Is the self-energy of the remaining three sp'*-hybrid orbitals, and 
Is given by 


e(a L ) - [3 E(A i; v) + E(T 2 ;v)]/4. 


( 8 ) 

The s and p orbitals of the antlslte tnteract with the remaining sp J -hybrids 
with reduced strengths tj » /3 t(A^)/2 and to - t(t 2 )/2. 


In this simple model, the changes due to the surface are contained in thi 
facts that (a) the s and p orbitals of the antlslte Interact with an "average" 
hybrid orbital of Its neighbors, having "average" energy e(aj), and (b) the 
strengths of the Interaction for the surface are reduced from those of the 
bulk. Both effects. In particular (b), can markedly shift the surface antlslte 
levels from those of the bulk. 


The results of this simple model are compared with the full surface 
Green's function calculation In Figs. I and 2. For the 

catlon-on-the-anlon-slte defect (e.g., Ga^ s ), the model yields only ona level 
In or very near the band gap — an acceptor level that can produce Fermi-level 
pinning and Schottky barrier fo-maticn for an n-type semiconductor. The 
detailed calculations (6] also produce only a single prominent level In the 
band gap for this defect — again an acceptor level. When the results of the 




E(eV) 
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Anion-Site Antisite Defects 


AlAs GaAs GaP InP 



Fig. 1. Predictions of simple four-atom model for acceptor levels 
associated with catlon-on-anlon-slte antlslte defects (open circles) compared 
with predictions of detailed calculations (open squares) [6]. 
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Cation-Site Antisite Defects 


AlAs GaAs GaP InP 


2.0- 

a ms 



UJ 

„ ,'fi\ * 

1.0- 

_ /m>\ S 

/ / \ N 


#* ■» ✓ s'* 


Model 1 


AlAs GaAs GaP InP 



Fig. 2. Prediction* of simple four-atom model for acceptor and donor 
level* associated with anion-on-catlon-slte antlslte defects (circles) 
compared with predictions of detailed calculations (squares) [6]. Open circles 
and squares are acceptor levels (empty for neutral defect), and solid circles 
and squares are donor levels (filled for neutral defect). "Model 2" represents 
the "exact" calculation for the four-atom model, and "Model l" represents a 
calculation in which the Indirect coupling between s-orbltal and dangling-bond 
p-orbital on the defect site is neglected. (See text.) 
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simple model (open circles) and detailed calculations (open squares) are 
compared In Fig. 1, It can be seen that the chemical trends are In remarkably 
good agreement. 


A similar comparison for the other antisite, che anion-on-the-cation -site 
defect, Is shown In Fig. 2. As described above, two versions of the simple 
model were used: In "model i," the 3x3 problem of Eq. (7) was artificially 
decoupled to yield the two 2x2 problems of Eqs. (4) and (5). This amounts to 
neglecting the Indirect Interaction between the defect-site s-orbltal and 
dangling-bond p-orbital via the direct interaction of each of these orbitals 
with neighboring orbitals on the adjacent anion atoms. (See Eq. (7).) In 
"model 2," the full 3x3 problem Is solved. In both models, one acceptor level 
and one donor level are produced in (or very near) the band gap. (The "better" 
model, model l, gives the "worse" results because of the hybridization of 
s-orbltal and dangling-bond p-orbital on the antislte defect; this is not the 
relevant point, however.) As can be seen in Fig. 2, either of these versions 
of the simple 4-atom model (open and solid circles) yields chemical trends 
almost identical to those of the detailed calculations (open and closed 
squares). 


The agreement between the simple models of both defects and the detailed 
calculations Indicates that both approaches provide a_ reliable description of 
the chemical trends. It also indicates that these trends have a simple 
physical origin, principally Involving the dangling-bond p-orbital for the 
anlon-site defect (e.g., Ga As ) and both the s-orbltal and dangling-bond 
p-orbltal for the catlou-site defect (e.g., As Ca ). 
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Fig. 3. Predictions of detailed calculations for the catlon-on-anlon-site 
defect (e.g., Ga A ) and the anlon-on-cation-site defect (e.g., As Ca ) at 
relaxed (110) surfaces of III-V semiconductors and their alloys. Only the 
acceptor levels, relevant to Fermi-level pinnings on n-type semiconductors, 
are shown. For AX x Gaj_ x As, note that the slope of the acceptor level (dE/dx) 
is large for the cation-on-the-anion-site defect and small for the 
anion-on-the-cation-site defect. The experimental data for Au contacts to 
various alloys, and At and In contacts to AX x Gaj_ x As, are also shown. 
(References to the experimental papers are given in Refs. [3] and [6]. We 
attribute the data for Au contacts and for At contacts to At-rlch At x Ga^_ x As, 
to Fermi-level pinning by the catlon-on-the-anion-slte antisite defect. The 
anlon-on-cation-slte defect is Identified as responsible for pinning the Fermi 
level at In and At contacts to Ga-rich At x Gaj_ x As. These results Indicate that 
the slope of the Fermi-level pinning position as a function of alloy 
composition (dE/dx) can serve as a signature of the defect type. Tn •> 
conduction band edge Is denoted E c> 
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In Fig. 3, /e show predictions of our detailed calculations for several 
III-V alloys, compared with experimental Ferral-level pinning positions 
inferred from measurements of Schottky barriers and MOS 

(metal-oxygen-semiconductor) structures. (The sources of the experimental data 
are cited In Ref. (61 and the review of Mb'nch [31.) For Au contacts to all 

alloys, the data appear to be well described by the catlon-on-anlon-sIte 
defect level (e.g., ;Ca As ). This defect state Is cation dungling-bond-llke In 
character and draws Its strength mainly from the conduction band. Hence lt3 
energy changes considerably as the alloy composition varies. 

The data for In and AA for small x In Ai x Ga^_ x As however show only a 
modest change with alloy composition. In fact, A l appears to produce a kink in 
the Fermi-level pinning position as a function of x. The defect model readily 
explains this behavior in terms of a "switching" of the dominant defect from 
the catlon-on-anion-site defect (e.g., Ga Ag ) for large x to the 
anlon-on-cation-site defect (e.g., As Ca ) for small x. The anion-on-cation-site 
defect level has anion dangling-bond character, is valence-band-llke, and 
hence shows little change as the alloy composition x varies. 


III. SUMMARY 

Thus the simple picture of Fermi-level pinning by deep energy levels 
associated with defects accounts for the chemical trends In the Schottky 
barrier data. Indeed, the essential physics is contained In the simple 
four-atom model which, In a hybrid basis, can be easily evaluated. 


We thank the Office of Naval Research (Contract Nos. 

N00014-84-K-0352 andN00014-82-K-0447) for their generous 
support. 
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A theory of s/v-bonded substitutional deep impurity levels in periodic A', ■ .V, 
GuAs/AI,Gai_,As superlattices predicts that as the thickness /(GaAs) of each Git As layer is re¬ 
duced below a critical value (£ 17 A or A’ t £ 6 for x =ti.7.‘ common shallow donor impurities such 
as Si cease donating electrons to the conduction band and instead become deep traps This happens 
because the deep levels associated with point defects in either GaAs or Al,Ga|. ,As layers (when 
measured relative to the valence-band maximum of GaAs) are much less sensitive to changes of the 
alloy composition or layer thicknesses of the superlattice than the superlattice band edges, particu¬ 
larly the conduction-band edge. For some compositions ,v. dopants such as Si are . hallow donors in 
A’X.V GaAs/Al,Ga|., As superlattices but deep traps in A!,, ; .Ga«..„, /: As alloy (the alloy ob¬ 
tained by disordering the .superlattice). The band gap and band edges of the mperlattiee, ami hence 
the ionization energies of deep levels, depend strongly on the layer thickness /(GaAs) but only weak¬ 
ly on /(Al. v Gai_,,As>. The 7%-and .1,-derived ceep levels (of the bulk point group T,/) are spli* and 
shifted, respeemelyvnear a GuAs/Al,Ga|..,As interface: .the p-like 7% level splits into an a, ip;- 
like) level, a b x [(/>, -fp,. t-likejdevel, and a h : [(p ( -p,. Mike] level of the pointgroupfor any general 
super|attice.site tC;,.),.whereas the rdike .-1, bulkrlevel.becomes an a, (s-like) level of C : ,.. The or¬ 
der of magnitude of the shifts and splittings of deep levels at a GaAs/Al.Ga^.As interface is 0.1 
eV, depends on x, and becomes very small for impurities more than about three atomic planes a\> ay 
from an interface. Deep levels in the GaAs quantum wells experience level shifts due to (:» penetra¬ 
tion of their wave functions into the more electropositive Al t Ga 1 .,,As layers, (iii the band offset, 
and (iii) quantum confinement. The cation vacancy, when brought close to a GaA-AAl, Ga,As 
interface, may undergo a shallow-deep transition. These predictions are based on a periodic su¬ 
perslab calculation for unit super$!abs with total thickness /(GaAs)-}-/'Al,Ga,_,As) as large as 102 
A or .V|+.V.»36 two-atom-thick layers. The Hamiltonian is a tight-binding model in a hybrid 
basis that is a generalization of the Vogl model and properly accounts for the nature of interfac..il 
bonds. The deep levels are computed by using the theory of Hjalmarson et al. and the special- 
points method Our results indicate that some normally shallow donors, such as Si can become 
deep levels at certain sites in the superlattice : a r esu!t of local fluctuations in alloy composition x 
or layer thickness /(GaAs). 


I. INTRODUCTION 

Modulation doping of GaAs/AI A Ga|_ v As superlat¬ 
tices, l,;! by which Si impurities are inserted into the 
large-band-gap AI A Ga|__,As layers of a superlattice but 
donate their electrons to the small-band-gap GaAs layers, 
has already played a role in the development of high¬ 
speed Ill-V-compound semiconductive devices. Howev¬ 
er, practical devices ba-ed on Al A Ga t _ v As often are lim¬ 
ited to alloy compositions .v <0.3 because of the inability 
of Si to dope n type for .v > 0.3/ apparently because of 
the formation of Si-related centers that are deep 
traps. ' -11 Furthermore, some devices, such as HEMT's 
(high-electron-mobility transistors) operate using 
quantum-well structures 11 at or near GaAs/ 
A! v Ga,. ,As interface-;, and the performance of these de¬ 
vices depends on the doping u*:g.. by Si), the alloy compo¬ 
sition .v. and the supcrhfiice structure. 1 *' Clearly, a 


theory of impurity levels in superlattic-s and In . ostruc- 
tures is needed to understand the conditions under which 
a specific impurity produces shallow donor levels and 
"dopes’* the semiconductor versus the conditions for 
deep-trap formation and the trapping of carriers. That is 
the purpose of this paper. Das Sarr.ia and Madhukar 14 
have previously discussed the d-ej levels of vacancies in 
some superlattices, but, to our knowledge, the present 
work is one of the first systematic studies of the chemical 
trends of deep impurity levels in supcrlutpces. ! "' t ' We 
do know that Hjalmarson. 1 ' Nelson <7 a!..' ,y and Lannoo 
and Bourgoin 1 " are studying deep level, in parallel with 
our effort, however, lithough vv-. are not fully aware of 
the current state of their work. This is also the first treat¬ 
ment of defects in laige-layer superlattices: \\v consider 
unit supercclls typically 4 ! ' atomic planes thick. The 
theory developed here is an extension to superlattices of 
the theory of Hia'marson et til. of deep impurity levels 
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in the bulk, which has successfully predicted deep levels 
and their wave functions. 21 ” 25 

II. FORMALISM 
A. Host Hamiltonian 

We treat a periodic GaAs/Al, v Ga,_ v As superlattice 
whose layers are perpendicular to the [001] direction. 
We employ a nearest-neighbor tight-binding Hamiltonian 
with an s*sp } ‘ basis of five orbitals at each site. Our 
Hamiltonian, in the lint., x =0, is identical, to the Vogl 
model for GaAs. Some differences are introduced be¬ 
cause of the superlattice, which we treat using a su¬ 
perhelix or supercell method. The superlattice we con¬ 
sider has A r t two-aton-thick layers of GaAs and N 2 two- 
atom-thick layers of Al v Ga,_<As repeated periodically; 
the GaAs and Al v Ga,_ v As are assumed to be perfectly 
lattice matched. We denote this superlattice either as a 
(GaAs) iV| /(Al x Ga,_ v As)v- superlattice, or as a 

GaAs/AljGa^As superlattice with A' ( GaAs layers 
and A', Al^Ga^As layers, or as an A', x'A\ 
GaAs/Al v Ga,_ v As superlattice. 

We first define (for the case x — D a syperhelix or su¬ 
percell as a helical string with axis aligned along the [001] 
or 2 direction consisting of 2A’| + 2N, adjacently bonded 
atoms As, Ga, As, Ga, As,..., Ga, As, Al, As, Al, As, 
Al,..., As, Al. (For x#l, replace Al, by Al<Ga,_ t .) 
The center of this helix is at L and each of the atoms 
of the helix is at position L+v,- (for /? 
=0,1,2,..., 2A r ! -f 2A’ : — 1). A superslab of 
GaAs/Al A Ga,_ v As consists of all such helices with the 
same value of L. and all possible different values of L x 
and L v , and the superlattice is a stacked array of these 
superslabs. If the origin of coordinates is taken to be at 
_I 


an As atom, the x and y axes arb oriented such that a 
neighboring cation is at (i, j, \ )a ,, where- a L js the lattice 
constant. At each site there are s*sp : ' basis orbitals 
j.-w.L.V/j). where n=s\ s, p x , p v , or p.. and 
0=0, 1.2.... ,2A'| +2A\ — 1. From these basis orbitals 
weform thesp - ' hybrid orbitals at each site R = (L,v /J ). 
The hybrid orbitals are 

j/i.|,R)=[ jj,R)+Ajp v ,R)-}-/. /?,„R)-fA p ; ,R)]/2 . 
i /t-,R) = [ jx,R) + Aip v ,Ri — a ]p v ,R>-/„ ! p : ,R)]/2 , 
:/t;,R) = [ |s,R)—A. j/> v ,R)-r-A ;/7,.,R)—/,, p.,R)]/2 , 
and 

j/j 4 ,R)=[ j.r.R )—a jp A ,R )—a :/>,.,R)-rA \p ; , R)]/2 , 

( 1 ) 

where /.= -fl ( — 1) for atoms at anion (cation) sites. 
Next, we introduce the label v=--.x*, /t, f /i ;; /j... or /t 4 , and 
our hybrid basis orbitals are [ v.R). In terms of these or¬ 
bitals we form the tight-binding orbitals" 4 

| v,/J,k)=Ay* l/: ^ exp(/k*L-f•Vq) ‘ r.L.v.j) , (2) 

L. 

where k is (in a reduced-zone scheme) any wave vector of 
the minizone or (in an.extended-zone scheme' any wave 
vector of the zinc-blende Brillouin zone. Here, A’ s is the 
number of supercells. 

The minizone wave,.vector is a good quantum number, 
and so the tight-binding .Hamiltonian is diagonal in k. 
Evaluation of the matrix elements iv./J.k H v',/J’.k) 
leads to a tight-binding Hamiltonian of the block- 
tridiagonal form. For different /J and /?', the first three 
rows of block matrices are 


Hi 0,0) //(0.1) 0. 

H*( 0,1) Hi 1,1) Hi 1.2) 0 0 

0 /HI,2) H( 2,2) Hi 2,3) 0 


0 HiO, 2.V, -r2A'> — 1) 
0 0 

0 0 


(3) 


The last row of blocks is 
/HO, 2A'|+2Ay—l) 0 0 


0 //*(2A’| —2A\-2. 2.Y, -2.Y, -11 H 12.Y, ~2.V, 


1. 2.Y, 



(4) 


Here, //(/?,/?') depends on k and is g ven in terms of vari¬ 
ous 5x5 matrices lot different vandV. 

The diagonal (in P> 5 V 5 mattix. //t/?,/Jt at site/?, is 


//l/J./?i=( v,/J,k H 


v\p. k'= 


0 0 0 O' j 

c„ T T T j 

T C;. 7‘ /’* 

r T c„ T 

r r / j 


•5' 


t " 

where 

e„ =!C V -roc., >/4 <6J 

is the hybrid energy, and 

7" — ■ v -e, i/4 1 7) 

i- the hybrid-hybrid interaction: the energies and 

/' t;; l! //./>> refer to the atom .a the/Jilt site, and ma\ he 
obtained from the energies :t 'ahtihied In \\ig! cl al." 
To a.eonnt for lite observed" \a*enr -oatul-.dae discon- 
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tinuity of 32% of the direct band gap, 77 a constant is 
added to £ (¥ and z n for Alj-Ga,. t As; this constant is ad¬ 
justed to give the valence-band maximum of 
Al v Ga|_ t As below the valence-band maximum ofGaAs 
by 32% of the direct-band-gap ditference in the limit 
‘ _-_i 


.V, =-V, —cc. 

The off-diagonal matrix •.■lernents {v,0,k\H iv',0',k) 
or ll (0,0') are best expressed in terms of matrix elements 
of H between s*. s, and p orbitals. This is accomplished 
bv the transformation 


<v,0,k\H ! v',0',k)= 2 C(v,n,;0)C(v',n';0'H».0,k|// «',0',k) , 


( 8 ) 


where we have the s*sp- tight-binding functions 
| «,0,k )=:V t “ 1 • * 2 exp(f k*L 4- i‘k-v y ) ! L. V/? ) . 

L 


(9) 


and the 5x5 matrices C(v,n ;/?) are 

S’ S P x Py 

/ 

s* 


'I 


C(v,n-,0)=i^ 
lh 

hi 


Pz 

10 0 0 0 
0 4 +A/2 +A/2 + A/2 

0 4- +A/2 -A/2 —A/2 
0 I -A/2 + A/2 -A/2 
.0 -I- -A/2 -A/2 + A/2 


( 10 ) 


where A = +1 (— l) if 0 refers to.an anion (cation). 

There are several distinct cases for which the off-diagonal (in 0) matrix elements («,0,k | H • n',0', k) are nonzero 
(for 0*0'). 


I. Intramaterial matrix elements 

If 0 and 0* both refer to nearest-neighbor sites in the same material (either the GaAs or the Al t Ga,_ v As), we have 
(assuming 0 ar.d 0* are in material number 1, the GaAs). for example, 

(n,fl,k\H |w',0'.k)=/f f |ai , (ID 

if 0 refers to a cation and 0* refers to an anion. H cUl is a 5x5 matrix whose rows and columns are labeled by n, which 
ranges over the values s\ s, p x , p y , and /?.. Similarly, we have matrix elements and H ciai- These matrix 

elements are 


0 

0 

V(s\.pa)g f ea 

- V(s*c,pa)g* cu 

- ns*c,pa)gow 

0 

Y(S>S)goca 

■ r(sc.pa)g;„ 

-V(sc,pa)g* C(1 

- V(sc,pa)gf ka 

V(s*a,pc)g\ ca 

V(sa,pc)g * fU 

r(X,Jtlg Ota 

y^.v)goca 

Wx>y)g \ca 

F(s*a./?c)gk, 

V(sa,pc)g f cu 

WX'.rlg on 

VlX,x)goca 


V(s*a,pc)g(fo. 

V(sa,pc)g? ka 

y^gla 


V(x,.x)gZ, u 

0 

0 

Vis'u.pc)g Ui: 

-V(s*a.pc)g u , 

— V(s*a,pc)g 0uc 

0 

k'(.v,x)g„ w 

Wsa.pc)g Ull . 

- l'(sa.pc)g Ue 

- Wsa.pc)g (hll . 

- I'(s’c.ptf )g| ttl . - V{sc,pu)g , U| . 

k'(.x..v)g, ta . 

- VlXfigtlae 

- y<x.y>g lm . 

Vls*c,pa)g lM . 

K(.vc,pa)g|,, 


n.v..v)g, w 

ytx,y)g | ut . 

Vls\\pa)g {Uc 

y(sc,pa)g,l c 



I /| -V..V)g,K, l . 


All of the matrix elements Kare those tabulated by Yogi et air* for material number 1 »viz.. GaAs). Identical expres¬ 
sions exist for //„>, ; and fl cial . with Al,Ga, 4 As matrix elements. (The Al x Gaj 4 As matrix elements are obtained by 
a virtual-crystal average of the Vogl matrix elements for AlAs and GaAs: x times the corresponding AlAs matrix ele¬ 
ments plus 1 -x times the GaAs matrix elements.) 
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2. Intermaterial matrix elements 


At the interface between GaAs and Al x Ga,_ t As there will be nonzero matrix elements of H for each bond between 


nearest neighbors. These are H a2cX and H c2al : 





0 

0 

V(s*a,pc)g ]ac - 

-Vis*a,pc)g iuc 

- Vis*a,pc)g ()Jl . 


0 

Hs,s)g 0a< . 

Visa,pc )g lac 

- Visa,pc)g Uc 

- Visa,pc )g iluc 

Hale 1 

-Vis*c,pa)g hlc 

— V(sc,pa)g Xac 

F(^,x)g llu£ . 

- Wx>y)g(u,c 

-Vix,y)g Ulc 


Vis*c,pa )g, af 

Visc,pa)g u , 

-V(x,y)g 0ac 

Vix,x)g UM 

Wx,y)g lur 


Vis* c,pa )g 0ac 

Visc,pa)g 0ac 

-Wx,y)g, ac 

Wx,y)g ltlc 

v ^x,x)g l)llc 

and 


0 

0 

— V(s*c,pa)g* 0C 

Vis*c,pa)g* lac 

Vis*c,pa)gZ JC 


0 


'■-Visc,pa)g* luc 

Vise,pa )g * a . 

V(sc,pa)g^ c 

Hcla 1 

Hs*a,pc)g? a< . 

Visa,pc)g* i0C 

F(x,x)go«c 

- Wx,y)gZ ac 

-Vix.y)gf uc 


-Vis*a,pc)g* iac 

-Visa,pc)g* Ul . 


Vix,x)gt ac 

f'ix.yfg r„ c 


-Vis*a,pc)g^ c 

- l/ (^,pOgQ llc 

- Vix,y)g i c 

V(x,y)g * Ue 

F(*,.v)g<* af 


f 


Here the Vogl matrix elements are those for the bond in 
question: If the cation is Al x Ga|_ x and the anion is As, 
then the matrix element is the Al. x Ga|_ A As matrix ele¬ 
ment obtained by a virtual-crystal average of the AlAs 
and GaAs values. We also have 

Soca =«p(tk-d|)-r-exp(/k , d 4 ) , 

g, ca =exp(jk'd|)—exp(/k-d 4 ), 

g 0 a C =exp(/k-d ; )+exp(/k-d.,), 

and 

g lac =exp(/k-d 2 )-exp(/k-dj) , (16) 

where we have 4d ; /a i =(1,1,1), (1, — 1,- 1), and 
(-1,1,—1), and ' -1,—1,1) for i = 1, 2, 3, and 4, respec¬ 
tively. Here. a L is the room-temperature lattice constant 
of GaAs, 5.653 A, which we assume is equal to that of 
Al x Ga,_ x As. 2S 

In this work we study deep impurity levels in superhel¬ 
ices as large as A’, +.V : = 20; that is, in 40-atom-thick su¬ 
perslabs.The dimension of the Hamiltonian matrix at 
each value of k is 5(2A r , + 2A\). because there are five 
orbitals per site. We diagonalize this Hamiltonian nu¬ 
merically for each (special point) k, finding its eigenvalues 
£.. k a "d the projections of the eigenvectors !y.k) on 
the ! v,/?,k) hybrid basis: (v,/?.k ! r,k). Here, y is the 
band index (and ranges from 1 to 200 for ;V, = A\ = 10 > 
and k lies within the mini-Brtllouin zone in a reduced- 
zone scheme or within the GaAs Brillouin zone in an 
extended-zone scheme. tWe assume that GaAs and 
Al v Ga t _ A As are perfectly lattice-matched. :, 't 

B. Deep levels 

The theory of deep levels is based on the Green’s- 
function theory of Hjalmarson cl al.,~ " which solves the 


secular equation for the deep-level energy £, 
det[l-G(£)F] 


II 

o 

II 

CL 

o 

1-p f 

5( E'-H )—~ 

dE' 



£ — £ 



Here, Pis the defect potential matrix, :0 which is zero ex¬ 
cept at the defect site and diagonal on that site, 
i0,V s ,V p ,V p ,V p ), in the Vogl s*sp y local basjs centered 
on each atom. We also have G = (£ —//)“', where H is 
the host tight-binding Hamiltonian operator. The spec¬ 
tral’ density operator is b(E'—H) and I' denotes the 
principal-value integral over all energies. In the funda¬ 
mental band'gap of the superlattice. G is real. 

1. Point-group analysis 

A substitutional point defect in either bulk GaAs or 
bulk AI x Ga t _ A As has tetrahedral < Tj) point-group sym¬ 
metry (assuming a virtual-crystal approximation for 
Al x Ga,_ x As). Each such sp '-bonded defect normally 
has one s-like ( A ( ) and one triply-degenerate p-like (7\) 
deep defect level near the fundamental hard gap. If we 
imagine breaking the symmetry of bulk GaAs by making 
it into a GaAs/GaAs superlattice along the -,[0Di) direc¬ 
tion, we reduce the T (i symmetry to D :il . If in addition, 
we change alternating slabs of GaAs to virtual-crystal 
AI,G;i| v As, forming a GaAs/Al v Ga, A As superlat¬ 
tice. then the point-group symmetry of a general substitu¬ 
tional defect is C, r . (For selected sites, e.g.. at the center 
of a material, the symmetry ear. he highe:.* Note that the 
C\. symmetry we find differs from that of Ref. 14. In the 
GaAs/Al v Ga t . A As superlattice the 1 and 7\ deep lev¬ 
els »f the bulk GaAs or Al,Ga. v As produce two a, lev¬ 
els »one .\-like. derived from the .!| level, and one 7\- 
derived /j.- like), one />, level [<p x —p, -like], ami one h : 







38 


DEEP IMPURITY LEVELS IN SEMICONDUCTOR SUPERLATTICES 


10 681 


level'[(/>* —p y Hike]. Of course, for impurities far from a 
GaAs/AI x Gaj_ v As interface. tlies-likeu. level will have 
an energy very close to the energy of a bulk A | level, and 
the /’.-like level and-the b t and levels will.lie close 
k. the bulk 7~> level also. We normally expect to find the 
7Vderiyed a , level between the b, and.6 ; levels, but if 
the level lies close to the valence-band maximum, then 
the splitting of the valence-band edge into a (p< 
and ip x -p v 1-like maximum with a p.-like edge at slightly 
lower energy 'because of the smaller effective mass) may 
cause the aj deep lev et to lie lower in energy thanthe b\ 
and b : levels by a comparable energy [see Eq.»17)]. Note 
that this splitting exists even.for defects distant from the 
interface and is a consequence of the different host spec¬ 
tral densities, in the superlattice for a A and b{ and h, 
states. 

_i.__:_J 


2. Secular equations 

The secular equation, Eq. (I 7 *, is reduced by symmetry 
to the following three equations: 



G(b,:£)=F- 1 

for b | levels , 

(18) 


G (/»,;£)=! 7' 

for 6, levels , 

'19) 

and 

G%s\E)V % -1 

Gir..z;E)V p j 


det 

G(z.s-,E)V S 

Giz,z\E)V t> -\ J =0 ’ 

(20. 


for a levels, where we have 


G'b x ',E)*> Z 

;\k 


G(b : ;£)=2- 

y.k 

G(s,s;£) = 2 

j'*k 


! (It | ,/?,k jk) -(/i 4 ,/?,k j y ,k) | : 

.2( £-£.,„,) 

| (/», ,g, k j y, k) - ( A 3 ,/?, k S y, k > 1 2 
2 (£-£.., k ) ’ 

| (/»,./3,k | y,k> +(/i : ./?.k. y,k) -fVtj./J.k | y,k) +(/t 4 ,/?,k ] y,k> | : 


G(r,z;£)=2- 

”»k 


4(£-£.. <k ) 

(Ak I y,k> — (7i : ,/J,k! y,k>-(/»},0,k?| y,k>+(/t 4 ,/?,k 1 y,k> | ; 


4(£ -£.,; k ) 


and 


G(s,z;£) = 2 [(/t|,/J,k j y,k) + (/ti,/8,k j y,k>+(A 3 ,/?,k'| y,k) 4-(/t 4 ,/J,k | }',k>] 

;-A 

X[(/*k.| y t y)—(h lt p,k | y,k>-(Aj,/?,k! y.k)+(/» 4 ,/?,k| y,k)]*[4(£ -£.. ik )] -1 . 


( 21 ) 


( 22 ) 


(23' 


(24) 


(25) 


Here, G(z,s;£) is the Hermitian conjugate of G{s,z;E) 
and /•) is the site of the defect in the superlattice. 

For each P the relevant host Green’s functions, Eqs. 
(21)—(25), are evaluated using the special-points 
method,’ 0 and the secular equations (18!-(20) are solved, 
yielding Eib\\V p ), E(b,',V p ), and two values of 
£(a,; K,, V p ). The defect-potential matrix elements V s 
and V f are obtained using a slight modification of 
Hjalmarson’. approach. ,u: For iV, = :V : = 10, there are 
40 possible sites /J, each with four relevant deep levels: 
two a,, one b,, and one b>; thus there are 160 levels. 

3. Special points 

For our studies of deep levels in the band gaps of su¬ 
perlattices, we consider only superlattices such that 
(.V, -f .V, )/4 is an integer. In such cases the sum.' over k 
in Eqs. I2D-I25) can be performed using 12 special points 
k = f 4 k, )u, where we have the value u and the weight 
tc of each special point <u:te): w (7.3.1:±>. <5.3.1: — I. 
(7,1.1: - ». 13.1.1;*-). (3.5.1: ». (1.1.1;.- . < — 7.3.— 1; r i. 
I-5.3.-1:4; *• I -7.1._ 1: L I, 1-3.1. — l;- 


(-3,3,-!;^), and ( —1,1,-1;^). For (:V,+.V ; s/4 an 
integer and a GaAs/GaAs superlattice, either the first six 
or the last six special points would be sufficient to give 
the Green’s function at any site in the superlattice with 
the same accuracy as Chadi’s and Cohen’s" ten special 
points ,for bulk GaAs, which are known to give an ade¬ 
quately accurate bulk Green’s function. However, for the 
GaAs/Al.^Gaj.jAs superlattice, 12 special points are 
necessary because of the reduction of symmetry from £K (/ 
to C 2l , from GaAs/GaAs to GaAs/Al v Ga|_ v As. 

HI. RESULTS 
A. Host bund gap 

Our calculations produce £.. k , the superlattice band 
structure, including the band gap, which exhibits a par¬ 
ticularly interesting behavior as the thickness of the 
GaAs slabs, t(GaAs! = .Y;«,/2 (where u, =5.653 A is the 
lattice constant of GaAsi. or the number of GaAs layers. 
.V ; . becomes small in comparison with the thickness. 
dAl^Ga'i K A.s>=.Y,«,/2.*’ or the number of layers. .Y ; . 







10 682 


SHANG YUAN REN, JOHN D. DOW, AND JUN SHEN 


of Al x Ga ( ^ x As slabs: The small-band-gap GaAs layers 
become quantum wells surrounded by large-band-gap 
Al v Ga,_ t As (Fig. 1). As a result, the band gap of the su¬ 
perlattice increases from the GaAs band gap toward the 
Al v Ga, _ A As band gap as .V, decreases (for A\ large). 
(Qualitatively similar, results for smaller A’| + A% super¬ 
lattices have been reported by Schulman and McGill for 
GaAs/AlAs superlattices.‘’ 4 > This is demonstrated by 
the calculated results of Figs. 2 and 3. The band;gap was 
taken to be the smallest gap found at one of the following 
k=('2rr/a L )S points of the mini-Brillouin-zone: 
S=(0,0,0), (0,0,r), (4.4,r). (4,4,0), (1,0,r), and (1,0,0). 


where we have r=(A r ,-f AM -1 . For A ? , large, the gap 


was invariably at k = T=(0,0,0), but for small A' ( and 


large x (somewhat larger than 0.3) it was somet : mes 
found at-S=(4,4,“) or (4,4,0). -For example, in Fig. 2 
we see the results for A’ t \A’ ; GaAs/Al 07 Ga 0 ,jAs super¬ 


lattices: the valence-band maximum is at T and the 


conduction-band minimum for thick GaAs layers 


(A'|>8) is also at T. However, for thinner layers 
(2<A‘|<8) the wave vector of the superlattice 
conduction-band minimum is at (2r/a t H.4,4,0) and the 


superiattice states associated with this minimum are 
largely derived from GaAs conduction-band states from 
near the L, point,, {2~/a L H4,4,4). of the Bulk Brillouin 
zone. Thjs is the. case because the L point in the bulk, 
(25r/a 4 )(4,4.y)i is the sum of (2ff/fl A )(4,4.0) and 
(2rr /a L HO,0,4), and the bulk point (2 jr/a L HO,0,4) corre¬ 


sponds to f=(0.0,0) in the superlattice Brillouin zone for 
A’i+A’: even.. In the thinnest superlattices, A', =rl, the 
Al A Ga,_ A .As A* point. (2~/a L HO,0,1), is reflected in the 
superlattice conduction-band minimum. These 
conduction-band minima away from the T point of the 
superlattice Brillouin zon'i have severe consequences for 
the optical properties of small-period GaAs/Al(, i7 Gao t jAs 


38 

superlattices: the superlattices will be indirect-band-gap 
materials, and hence will be poor candidates for light- 
emitting devices. For A f | = l in Fig. 2, the band gap is 
direct and the superlattice conduction-band minimum is 
at T, although this minimum is derived from tiie A" point 
of the Al 0 -Ga 0 -.As band structure and so one. should ex¬ 
pect the direct transitions associated wjth it to be weaker 
than those associated with the GaAs T minimum for 
A’i > S.-for example. 

The band gap is somewhat more sensitive to changes:of 
the GaAs layer thickness than to changes in the 
Al v Ga ( _ v As layer thickness, as demonstrated in Fig. 3. 
This sensitivity of the superlattice band gap to the GaAs 
layer thickness is important for the physics of deep levels 
in superlattices because, as we shall see below, the deep 
level.* have energies relative to the GaAs valcnce-Aand 
maximum that vary relatively little with the thickness of 
the GaAs layers. Hence a deep level that is near the 
conduction-band edge but within the gap in a GaAs 
quantum well can be "covered up" and autoionized by 
the conduction-band edge when the GaAs layer thickness 
is increased and the conduction-band edge descends im 
energy, while the deep level remains at a relatively con¬ 
stant energy trig. 4). Here it is important’ to remember 
that we use the new definition of a "deep” level 20 as one 
that originates from the perturbation caused by the 
central-cell potential. (This contrasts with the old 
definition as a-'level that lies within the band gap by at 
least 0.1 eV.) As a result there are "deep resonances" 
that lie in the conduction band, above the band gap. We 
shall see below that Si in GaA>. although producing only 
shall, w levels in the band gap of bulk GaAs (i.e., its deep 
levels are all resonances that lie in the conduction band) 
is a candidate for producing a deep level in the band gap 
of a GaAs/Al^Ga^As superiattice, in the GaAs 
quantum-well limit. For neutral Si this level, when in the 


18x18 2x34 



FIG. 1. Ulustraiuig the ;uaniuni-wcll efloet on the band gap *SI.' of an .V, • .V, GaAs/Ai. -Gn„ 4 As superiattice: (a* 
.V, = .\\ = 18 andMv .V, =2. A. =34. Tito band edges of ihosuporlaliico arc denoted In chained lines. For tins alloy composition the 
.superiattice gap is indirect lor case 'hi, with the conduction-band edge at k - 2.7 ni t *» .. i.Oi. Note the broken energy scale. Tile 
Zeio of energy is the '.denc e-k id maximum oj O'u.lv. 
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N,xN 2 6oAs/Al or Go OJ A$ 



Number of GoAs layers N, 


FIG. 2. Predicted energies (in eV) of the supcrluttice 
conduction-band minima anu valence-band maximum with 
respect to the valence-band maximum of bulk GaAs for a 
J:tAs/AI,Ga t _,As [001] superlattice vs reduced layer 
thicknesses .V, and A\ for various .V, X.V. [001] 
GuAs/AI,Ga| -As superlattices, with .t=0.7 and A^-.Y, 
fixed to be 20. The calculations are based oh the low- 
temperature band structures of GaAs and Al„ 7 Ga 0 ,.tAs, with 
bulk band gaps of 1.55. and 2.22 eV, respectively. The 
conduction-band minimum of the superlattice is at 
(2hr/a/.)(j, y.0) for the triangular points, at k=0 for the circles, 
and at (2jr/</ t ,)(l,0,0) for the rectangle. The superlattice 
valence-band maximum is at k=0. Note the broken scale on 
the ordinate. The positions of the band extrema of bulk GaAs 
at T, L, and .V are shown on the right of the figure, at A', =20. 



0 2 4 6 3 IO 



0 2 4 6 8 10 


N, or N 2 


fundamental baitd gap, will be occupied by one electron. 
When the GaAs layer thickness increases, this level is 
covered up by the falling conduction-band edge and be¬ 
comes a resonance. The electron in the resonant level is 
autoionized and relaxes (e.g„ by phonon emission) to the 
conduction-band edge where it is a shallow done elec¬ 
tron, donated by the Si. (In the present theory, which 
neglects the long-ranged Coulomb potential of the donor, 
the binding energy of a shallow donor is zero; in a more 
complete theory, the Coulomb potential would trap this 
electron at zero temperature in a hydrogehic orbit.) A 
gratifying feature of the band-gap calculation is that we 
obtain for iV, =.V, = 1 a fundamental gap of 2.11 eV for a 
GaAs/AlAs superlattice, in good agreement with the 
measured value of Ref. 35. 

B. Defect levels 

The substitutional defect energy levels for sp '-bonded 
impurities can be evaluated using the tec uiques of Hjal- 
marson ct «/., :0 as described above for superlattices. 
When interpreting the predictions, one should remember 
that the absolute energy levels predicted by this theory 
have a theoretical uncertainty of a. few tenths of an eV. 
This is, of course, comparable with the uncertainties of 
the other sophisticated theories of deep levels that have 
been presented to date.' h Nevertheless, the theoretical 
uncertainty js a significant fraction of the band-gap ener- 


F1G. 3. Predicted fundamental energy band gaps E w at 
k=0 (circles) and k=(2n7o t Kj.y.O) (triangles) of a 
(GaAs) V| >Al,.Ga|.,As).v, superlattice as functions of reduced 

GaAs layer thickness A' t or AI,Gai_,As layer thickness for 
(a) x =0.3 and (b) .v =0.7. Note that the variation of the gap 
with decreasing ,V> from, say, 8 to 4, is less than the variation 
associated with changing A’, from 8 to 4. Note also that the 
k=0 conduction-band extremum of the superlattice in <b) is de¬ 
rived from the X poin' of the Ali),-Ga„ ,As band structure for 
<V, <4 and from the f point of the GaAs band structure for 
<V i >4. 


gy, and so one must not use the theory in a futile attempt 
to predict absolute energy levels with high precision. 
Rather, the theory should be employed to understand the 
chemical trends in the deep energy levels, to study quali¬ 
tative changes in level structures (such as a deep reso¬ 
nance descending into the fundamental band gap—-the 
shallow-deep transition), or to suggest experiments for 
testing hypotheses about impurity states. One of the 
reasons that the Hjalmarson model 20 has been so success¬ 
ful is that the tight-binding Hamiltonian 25 has been con¬ 
structed with manifest chemical trends in its parameters, 
following ideas developed originally by Harrison. ' 7 Ear¬ 
lier theories sometimes obtained tight-binding parameters 
by performing least-squares fits to the band structures of 
the semiconductors being studied. Such fits, while having 
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given impressive band structures,.often lacked the essen- 
itiai. chemistry that determines deiep levels, and, as a re¬ 
sult, those theories have not been as successful as the 
Hjalmarson theory. Indeed, because the Hamiltonian 
employed in the Hjalmarson theory has manifest chemi¬ 
cal trends and also has (by construction) the correct band 
gaps, the Hjalmarson method is comparably accurate 
with far more cumbersome pseudopotential theories of 
deep levels. 

I. Dependence on layer thickness 

Figure 4 displays the dependence on GaAs reduced 
layer thickness-iV, of the deep Ga-site A j level of a Si im¬ 
purity* 11 iti the middle of a GaAs layer in a 
GaAs/Al 0 7 Ga 0 _ 3 As superlattice. As the size, A v «,, of the 
GaAs layer shrinks, the deep levels remain relatively con¬ 
stant in energy with respect to the GaAs vr'icnce-band 
maximum, while the conduction-band edge of the super¬ 
lattice increases in energy—progressively uncovering the 
once-resonant deep level of Si and converting this shallow 
donor impurity jnto a deep trap.* 1Q This shallow-deep 
transition-as ^function of GaAs well size N t . to our 
knowledge, has fnot been anticipated in the literature— 
and has consequences for GaAs/Al. v Ga t _ v As superlat¬ 
tice and quantum-well devices, because it implies that the 
most cbm.Tjpn^dppant, Si, may become a deep electron 
trap rathetvihan a shallow donor in GaAs. 

Also note (Fig. 4) that when Si in a GaAs quantum 
well becomes a deep impurity with its deep level in the 
fundamental gap of the superlattice, this level (with 
respect to the GaAs valence-band maximum) generally 
lies at a higher energy than the bulk GaAs b..nd gap, at 
lower energy than the Si deep level in an Al^Ga^As 
layer, and below the superlattice and bulk Al v Ga|.. v As 
alloy conduction-band edges. Because Si in an 
Al^Ga^As layer lies at higher energy than Si in a 
GaAs layer, it is possible to move the conduction-band 
edge up by reducing the width of the GaAs layers and to 
achieve a situation such that Si in a GaAs layer is a deep 
level, but that Si in an Al x Ga ( _ A .As layer is a shallow 
donor with respect to the superlattice (but not with 
respect to bulk Al^Ga^As) because its deep level lies 
above the superlattice conduction-band edge, but below 
the bulk AljGa^As conduction-band edge. In the 
more common case for very thin GaAs layers. Si in both 
GaAs and Al v Ga t _ v As layers will produce deep levels 
below the superlattice conduction-band edg.; that is, 
since the superlattice band edge lies below the 
Al v Ga,_ v As band edge, for Si to be deep in a thimGaAs 
layer requires Si to be a deep level in bulk Al v Ga,_,As 
as well. Because of this requirement, and the fact that Si 
successfully modulation-dopes GaAs/Al v Ga t _ ( As su- 
perlatiiees for ,v <0.3 (suggesting that Si is a shallow 
donor in. for example. Al„ : Ga„ ,,As). we doubt that the 
shallow deep transition as a function of .V, will be ob¬ 
servable in GaAs/Al v Ga, , As for .v <0.2. For ,v *>0.3. 
however. Si in bulk Al.Ga, v As is almost certainly a 
deep level,* modulation doping with Si in 
GaAs/Al v Ga, ,As Miperiattices should require thermal 
activation or tunneling (presumably because Si in an 


Al t Gai, x As layer is a deep impurity, not a shallow 
donor.', and the predicted shallow-deep transition for Si 
in a GaAs layer as a function of GaAs layer, thickness 
should occur. 

Because of uncertainties in the theory, we cannot esti¬ 
mate with precision the layer thickness .V, at which the 
Si level in GaAs should undergo the shallow-deep transi¬ 
tion. Based on the general structure of the curves of Fig. 
4, it probably occurs for .V, - 6 and a GaAs layer thick¬ 
ness of order == 17 A or less. 

A.similar analysis can be made of the behavior of other 


Sj.. Deep-shallow transition 

„v* 

in N;xiO 6oA*/Al 0? G6 0 jA* superlottice 



FIG. 4. Illustrating the deep-to-shallow transition as a func¬ 
tion of GaAs layer thickness .V, in a GaAs/Al,Ga t . v As 
,V|XlO .superlattice (SL) with x=0.7 for a Si impurity on a 
fcolumn-III site imthe center of a GaAs layer of the superlattice. 
host. The conduction-band minimum (CBM 1 and valence-band 
maximum (VBM) are indicated by light solid lines. The Si deep 
level is denoted by a heavy line, which is solid when the level is 
in the gap but dashed when the level is resonant with the con¬ 
duction band. The deep level in the -nu gap for .V, <6 is 
covered up by the conduction band as a -esult of changes in the 
host for A'i>6. The impurity’s deep level, lies in the gap for 
A’t <6 and is occupied by the extra Si electron: the -Si. in this 
case, is thus a "deep impurity." For .Vj >6 the.deep level lies 
above the conduction-band edge as a resonance. The daughter 
electron from the Si impurity which was destined for this deep 
level is autoionized, spills out ot the deep resonance.level, and 
falls to the conduction-band edge (light solid line 1 w7e\e it is 
subsequently bound (at low temperature 1 in a shallow leve asso¬ 
ciated with the long-ranged Coulomb potential of the doti ir (in¬ 
dicated by the short-Mashed line). It is important to realize.that 
both the deep level and the shallow levels coexist and are dis¬ 
tinct levels with qualitatively ditlorcnt wave functions The is¬ 
sue of whether an impurity is "deep" ot "shallow" is determined 
In who:I er or not a deep level associated with the impurity lies 
1 the baud gap. The computed deep-shallow transition occurs 
for V > n layers. Whileoualnative ph\sr-> i- completely re¬ 
liable, it is possible that the transition lave- thickness may diftcr 
somewhat from .V, =o in teal saperlattiees. ihe predicted "in- 
0 -mieiual band‘gap-of the superlattice is indirect T«< I < A, _ 8. 
All energies are with respect to the valenci-band maximum of 
GaAs. 
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impurities, 16 for example, N in GaAs. Nitrogen has a 
-resonant state in the conduction band of GaAs. We have 
predicted that this resonant state,can be driven out of the 
conduction band into the band gap by hydrostatic pres- 
sure, 4 ' 1 an effect that has been observed by Wolford 1 
ct a/. 41 and Zhao ct al . 4: Here we predict that N in 
GaAs layers of a GaAs/Alg-Ga,, ,As superlatticc will 
have an impurity state in the bun&gap if the thickness of 
the GaAs layers is thin enough, for example, <48 A or 
17 molecular layers. 

2. As vacancy levels 

Figure 5 displays the deep energy levels in the band 
gap of an As vacancy in an tV, =,V : = 10 
GaAs/Alo^GaojAs superlattice, as a function of /?, the 2 
component of the position of the vacancy in the su¬ 
perhelix or superslab. A vacancy is simulated here by let¬ 
ting the defect-potential dements V, and V p at the vacan¬ 
cy site approach infinity, making the defect into an 
“atom” with infinite orbital energies, and thereby decou¬ 
pling it from the host by virtue of the fact that ail energy 
denominators.m a perturbation expansion are infinite.* 3 
Several features of the results in Fig. 5 are worth noting: 
The valence-band maximum of the superlattice splits, 
with thep.-Iike edge moving to lower energy, owing to its 
lighter effective mass. Near an interface (13=0, 20, or 40) 
the p-like T 2 bulk As vacancy level splits into three lev¬ 


els, a t , b\, and b 2 . For any point defect, one of the />, or 
b 2 levels corresponds to a p-like level with its orbital 
composed of hybrids directed toward the GaAs layer and 
has an energy almost the same.as the bulk GaAs 7\ level; 
the other is composed of hybrids directed toward the 
Al t Ga ( _ c As and is virtually an Al v Ga,_ t As T, level. 
The 6, and b 2 levels reverse ordering from /?=0 to (3=10 
(because of the defined orientation of the x and y axes), 
and a | lies between them in most cases such that the 
splitting of the host v;: ence-band edge can be neglected. 
The splittings between the,/?, and b, levels at the inter¬ 
face are small, of order 0.1 eV, and become negligible 
when the vacancy is more than three or so atomic layers 
from the interface (a fact noted first for deep levels near 
surfaces by Daw and Smith 44 ). The splitting between the 
a i level and the b { and b : levels is comparably small, but 
may not vanish even, if the defect is distant from the in¬ 
terface, as a result of the splitting of the valence-band 
edge in the supc.iattice and the resulting changes of the 
host spectral density. 

The energy of a deep level is determined by a balance 
between the conduction-band states, which push the level 
down in enerty, and.the valence-band.states, which repel 
it.upward. Since the GaAs valence-band maximum is al¬ 
most at the same energy as the valence-band maximum' 
for the 10X10 GaAs/Al 0t -Ga, u As superlattice, the con¬ 
duction band has the primary influence on the change of 
the energies of the As-vacancy deep level from bulk 


As-vacancy Levels 



FIG. 5. Predicted energy levels of an As vacancy in a (GaAshi/IAU.jGaojAs),,, superlattice, as a function of /?. the position of the 
vacancy (even values .•!'/>* correspond to As sites). Note the splitting of the T> levels at and near the interfaces (/?—0,20. and 40), and 
that the 7Yderi- id vacancy levels lie at higher energy in an Al„ -Gu„ iAs layer than in a GaAs layer. The I), and b . ordering changes 
at successive interfaces. The zero of energy is the valence-band maximum of bulk GaAs. and the corresponding valence-band (Vf)Mi 
and conduction-band tCOMi edges and deep levels in bulk GaAtuind bulk Al„ -Ga tl >As are given to the left and right of the central 
figure, respectively. The top of me central figure is the conduction-band edge of the superlattice, and the bottom corresponds to the 
split valence band in the superlatticc—the valence-band maximum of the superlattice being of b, or b ; symmetry ip, -p, i and the 
split-off a. ip. j band maximum lying <).()t>2 eV lower in energy. The .f s level in the AI,Ga| _,As layer of the superlatticc is lower 
than the corresponding level in the GaAs layer because of the band offset of 0.334 eV. The electron (hole) occupancies of the deep 
levels in bulk GaAs and bulk Al, -Ga,, .As are denoted by solid circ (open trinnglcsi. 
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GaAs to a GaAs layer in the superlattice, and the levels 
move up in energy because the conduction-band 
minimum does. In going from an Al^Ga^As layer in 
the superlattice to bulk Al 0 7 Ga 0 ,,As, the levels move 
down in energy, because the valence-band maximum 
moves down. (The valence-band maximum is 7\-like.) 
The 7\ As vacancy levels lie at somewhat higher energy 
in an AI. ( Ga ( _. t As layer than in a GaAs layer, owing to- 
the fact that Al is more electropositive than Ga. The A , 
bulk As-vacancy level in Al A Ga,_ A As is slightly shifted 
at the interface, and is at lower energy in an Al. v Ga t _ ( As 
layer than in a GaAs layer because the band offset causes 
the nearest A , states in the valence band to lie at lower 
energy tha,. in the superlattice. The 7\ level in GaAs 
(A1 a G8|_ ,As) is both split in the superlattice and, on the 
average, is shifted up (down) in energy at the interface. 
Because of the band offset, the .-J, level for the As vacan¬ 
cy in GaAs (AI A Ga,_ A As) moves down (up) at theinter- 
faee. Still another effect does influence the relative order¬ 
ing of the a,, b ,, and b, levels: As the impurity ap¬ 
proaches the interface in GaAs (but not in Al v Ga,_ v As) 
its wave function suffers quantum confinement and its en¬ 
ergy levels shift—and the shifts for b x and levels are 
generally different from those for a ( levels because the a, 
valence-band edge in the 10x10 superlattice lies lower by 


0.062 eV than the b x and b, edges. The conduction-band 
trtinimum in the lOx 10 supcrlattice has .^.symmetry and 
doesnot split. 

For the neutral vacancy, the A , -derived deep level is 
filled by two electrons, and one electron occupies the 
lowest of the 7\-derived states. 

Similar behavior to that found for the As-vacancv lev- 
els is to be expected for all up -bonded deep impurity lev¬ 
els in GaAs/AI A Ga t _ A As superlattices, although the is¬ 
sue of whether a specific deep level lies in the fundamen¬ 
tal band gap or not depends on the defect potentiai for 
that impurity and on .V,, A ,, and .v. 

3. Cation-vacancy levels 

The .4 1 bulk levels for a Ga vacancy in GaAs and for a 
cation vacancy in Al x Ga|_ A As all lie very deep in the 
host; valence bands and arc hot near the fundamental 
band gap. either in the bulk or at an interface of a 
GaAs/Al A Ga,_ A As superlattice. 

The Tj-derived cation-vacancy levels produce deep 
levels near the valence-band maxima of bulk GaAs, bull 
AljGai.jA, 45,46 and the superlattice (see Fig. 6). in the 
Hjalmarson-type theory, the uncertainty in the predic¬ 
tions of absolute energies is typically a few tenths of an 
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FIG. 6. Predicted r : -derived vacancy levels of a cation vacancy in a (GaAstj.ytAI,, -Ga, sAslj,, supcrlattice. as a function of site 
index 0. the position of the vacancy. The zero of energy is the valence-band edge of bulk GaAs. and the corresponding valence- and 
conduction-band edges and deep levels in bulk GaAs and bulk Al. -Ga„ s.As arc given to the left and right of the central figure, re¬ 
spectively. The top of the central figure is the conduction-band edge of the '-uperlattice. and the two bottom lines correspond to the 
/> • and -symmetric [t/j, z/> ’-like) valence-band maxima and the split -like' edge below it. Electrons occupying the bulk lev¬ 
els are denoted by solid circles. Holes are denoted by op*n triangles. When, as in bulk GaAs. the holes are mitt:* in levels below 
the valence-band maximum, they bubble up to the valence-band maximum where the long-ranged Coulomb potent,,il can trap them 
into shallow acceptor levels loot shown). Tiie cutin.i vacancy m bulk GaAs and m an Al., -Ga As layer in the Mipei lattice is predict¬ 
ed to be a triple shallow acceptor, providing three such holes to the valence band. In bulk Al.-Ga, .As and in a GaAs layer of the 
stiperlaitice. neutral cation vacancies are predicted to produce deep traps for either electrons or holes. In the supcrlattice. the 
lowest-energy level is often of a symmetry, and the highest is typically either of/> or />_ symmetry, but exceptions to this rule do 
occur, as indicated on the figure. 
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eV and tends to be somewhat larger for the 7' : levels than 
for (!■•• levels. Therefore., in what follows, the reader 
should not interpret our predictions for the cation vacan¬ 
cy too ii’orally or too quantitatively. Rather, the predic¬ 
tions illustrate the very interesting properties of a cation- 
site deep T. level that lies near but below the valence- 
band maximum of GaAs. Since this defect never lies at 
the interface twhich, by definition in a 
GaAs/Al Jt Ga j ._ it As superlattice, is at an As layer), its 
level splittings are smaller < <0.05 eV) than the interfacial 
anion vacancy's splittings. In bulk GaAs, the T : cation- 
vacancy level is predicted 20,4 " to lie =0.03 eV below the 
valence-band maximum. In bulk Al ( , -Ga 0 jAs. the pre¬ 
dicted vacancy level is in the gap, 0.11 eV above the 
Al„.;Ga 0 ;As valence-band maximum. Near a 
GaAs/Al v Ga|_ t As interface, the 7\ cation-vacancy lev¬ 
el splits into a,, b u and b z sublevels. For x =0.7 some 
or all of these sublevels may lie in the gap of the superlat¬ 
tice. 

If the predictions are taken literally, then near the in¬ 
terface the cation vacancy produces a very interesting 
level structure, depending on the site of the vacancy. To 
begin with, in a GaAs layer the 6, and vacancy levels 
lie in the gap of the superlattice, but in an Al 0-? Ga 0iJ As 
layer the vacancy levels are resonant with the valence 
band. This is due mainly to the band offset and the fact 
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that, roughly speaking, the deep levels do not move 
(much), whereas the valence-band edges do, as one goes 
from bulk GaAs to the superlattice to bulk Al„ -Ga,, s As. 
The b. and levels in a GaAs layer lie typically =6.03 
eV above the a, level, when we might have expected the 
0 [ level to lie between them. This expectation is not met 
because the 7\ levels are near the valence-band max¬ 
imum and, in the superlattice. the 7\-like valence-band 
maximum is split into a, and 6, and edges. Hence 
the a) valence-band edge has a stronger quantum-well- 
confinement effect: the band edge for a. (p.-like) states 
lies 0.062 eV below the edge for b, and b : states. The o, 
defect states lie, lower because the valence-band states 
that repel them are at lower energy in the superlattice. 
The largest splitting between b, and b : states is of order 
=0.02 eV, much smaller than the ( =0. l-0.2)-eV split¬ 
tings deduced from the anion vacancy—because the cat¬ 
ion vacancy always lies at leashone layer from an inter¬ 
face. In particular, the p ; -like a, level decreases in ener¬ 
gy as the vacancy moves from the center of the GaAs lay¬ 
er toward the interface. The initial decrease is due to 
quantum-well confinement, and begins when the vacancy 
wave function significantly overlaps the Al 07 Ga 03 As. 
However, as the vacancy becomes quite close to the inter¬ 
face, its wave function penetrates thoroughly into the 
Al 07 Ga 0-3 As layer and feels the electropositivity of the 


DEEP IMPURITY LEVELS IN SEMICONDUCTOR SUPERLATTICES 


A,-clerived a, deep levels in 
10x10 GaAs/Al Q 7 Ga Q 3 As superlattice 



FIG. 7. Predicted energies of I,-derived s-like a, deep levels of the indicated defects (Ref. 47) for a GaAs/AI„ ; Ga ( , ; As superlat¬ 
tice with .V, = 10 GaAs layer,"- and ,\\ = 10 AI„, : Ga,i ; As layers in its unit supercell. The dashed lines denote the predictions for de¬ 
fects at or near a GaAs/AI„ -On,. -.As interface: in the /i=0 layer for the interface, levels for As-site defects (upper left-hand corner), 
and. in the 11= I and /i=21 layers adjacent to interface layers, for Ga-site defects tin GaAs) and cation-site defects in Al„ -Ga., 3 A$. re¬ 
spectively flower right-hand corner* The solid lines denote the same levels for defects at or near the center of GaAs and Al„ -Ga,, } As 
layers, respectively. In viewing this figure, remember that the theory is not precise, but that the general shape of the figure is reliable. 
The zero of energy is the valence-band maximum oj bulk GaA v. The valence- and conduction-band edges of the superlattice are 
denoted VBM<SI.* ;i«:rl CI)M*SL>. respectively. 
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Al. If the valence-band offset were smaller, say 0.2 eV, 
then this effect would cause the level to increase in energy 
near the interface. 

The neutral Ga vacancy in the bulk of GaAs (assuming 
its deep level lies in the valence band) is a triple acceptor 
(Fig. 6). (A Ga vacancy is created by adding three 
holes—to remove (he three Ga electrons—and letting 
the defect potential become infinite. 4 ') Consider this va¬ 
cancy at the near-interfacial site [i= 1 in a GaAs layer of 
the superlattice; its levels, in order of decreasing energy, 
are b u and a,. In all of the cases of Fig. 6, the cation 
vacancy is either a triple shallow acceptor or a deep trap 
for both an electron and a hole, having at least one^par- 
tiallv filled deep level in the gap. If it were the case that a 
cation vacancy near an interface had only one of its sub- 
levels in the gap :.:td two sublevels resonant with the 
valence band of the suptrlattice, then the vacancy would 
be a single acceptor, because only three electrons are 
available for four spin orbitals: the hole in the fourth 
spin orbital would "bubble up" to the valence-band max¬ 
imum. Relatively small amounts of lattice relaxation or 
charge-state splittings of the defect levels could aiter the 


predictions. Nevertheless, yrt think that studies of the 
character of the Ga-vacancy wave function in 
GaAs/Al t Ga|_ A As superlattices are warranted—and 
could possibly reveal this shallow-deep transition in the 
character of the cation vacancy. 

4. Deep levels of sp *-bonded impurities 

The predicted deep energy levels of substitutional s/r'- 
bonded impurities in a GaAs/AI ( , -Ga 0 ; As, superlattice 
are given in Figs. 7 and 8 for a superlattice with 
A'| = .\\ - lO. 31 - 4 ' These levels' energies E are obtained 
by solving the secular equation (i7) with Hjalmarson’s 
defect potential V slightly modified. ' 1 In these figures we 
display results for impurities at or near a 
GaAs/AI 0 jGa 0 ,As interface and near the center of the 
GaAs and Al 0 7 Ga 0 ,;As layers. 

For the A t - or s-like a, levels on the As site (Fig. 7), 
most interfacial impurities have energy levels roughly 
midway between the levels f«'- impurities near the center 
of the GaAs and the Al x Ga,_ A As layers. There are two 
types of cation sites: Ga (in GaAs) and Al A Ga,_ A (in 


T 2 -derived a,,b |t ond b 2 deep levels in 
10x10 GaAs/AI 0 7 Ga 0 3 As superlattice 



FIG. 8. The predicted 7Vderived deep levels for the indicated defects (Ref. 47) in a (GaAs)|,,/AI,. -Ga,.. superlattice. For 
As-site vlefects (lower right-hand corner) the two solid lines correspond to T-derivcd b , levels iwhich u*-e almost degenerate with b : 
levels' in the center of GaAs and Al,, -Ga,. -.As layers. The corresponding ’/'.-derived <t| levels lie .slightly \of order 0.01 eVl below the 
b | and b : levels and are not shown. The dashed line is an interfacial [)=■ 0u t level. The cot residing />; level <v. shown! is nearly 
degenerate with it, and the b t level tnot shown) is above it of order 0.01 eV. For cation-site defects tupper left-han, oor“- > r». the solid 
lines correspond to 7‘,-derived />, levels which are almost degenerate with b. and a | 1. els not shown). The dashed lutes,correspond 
to interfacial levels for site /3= |9 tin GaAst of />; symmetry and for site /> = 21 of b\ symmetry. The ft- l‘> oj and levels are al¬ 
most degenerate with the 7\ levels of defects in the center of GaAs and tre not shown. Similarly, the P=2\ 'Al, -Ga,. .Am a and b- 
(which are polarized perpendicular to the interface) interfacial levels arc not shown. Near the /?=0 interface, the /», and levels are 
interchanged. Simply stated, the levels />• or />- are split off from the bulk T : energy <in the material occupied by the defect), and the 
remaining two levels 'almost* are at the 7\ bulk energy. The zero of energy is the valence-band maximum ofittlk Ga.-I v. The 
valence- and conduction-band edges of the superlattice ate denoted VHMtSL- and CBMISL'. respectively. 
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AI,G«| f As); the cation-site defects near the 
GaAs/AI ( Ga> _,As interface have nearly the same deep 
levels as def-.ts at the center of the layers—because 
those defects ire at least one layer distant t’rom the inter¬ 
face (which coincides with an As layer), and hence are 
only weakly perturbed by. the atoms on the other side of 
theinterface. 

The 7\-derived levels in the GaAs layer (Fig. 3) are 
split when they lie near or at the interface. These are 
dangling-bond-/Mike levels, and the p orbitals composed 
of hybrids oriented most toward the interface are split 
most [ 61 or ( p x +p,.)-like and a, orp.-like on the Ga site; 
b 2 or (p x —p v Mike and a ( at the As site], whereas the or¬ 
bital directed away from the interface is least perturbed 
and normally has a level closest to that of the hulk 7% 
level. The same physics hold for defects in the 
Al x Ga|_, t As layer. (Fig. 8), but the signs of the splittings 
and the orderings of b u a u and b, levels are normally re¬ 
versed. 

In general, three factors influence the relative positions 
of deep levels in GaAs and Al t Ga|_,As layers, (i) The 
more electropositive character of Al with respect to Ga 
pushes levels up in energy, so that the same defect has a 
tendency to exhibit higher-energy deep levels in 
Al v Ga|_*As than in GaAs. (See the 7\-derived As- 
vacancy levels in Fig. 5.) !ii) However, the Al also widens 
the band gap, causing a band oil'set, and rearranging the 
spectral distribution of host states somewhat idifferently 
for the and b 2 states than for the a, states)—which 
often has the opposite effect on those impurity levels 
most affected by the host states near tl.c valence-band 
maximum, (See the A i -derived As-vacancy levels in Fig. 
3.) (iii) In addition to the electropositivity and band- 
gap-widening effects, there is a quantum-well- 
confinement effect. Impurities in GaAs close enough to 
an Al i ,Ga|_ i ,As layer that their wave functions overlap 
the Al,Ga|_ v As barrier will experience level shifts due 
to confinement (that depend on the symmetry of the lev¬ 
el). States near and above the conduction-band minimum 
with considerable conduction-band character are expect¬ 
ed to move up in energy and valence-band states should 
move down due to confinement (see Fig. 6). The 
confinement effects should be more severe for a t states 
than for 6 ( or 6, states, due to the fact that their wave 
functions are polarized in the superlattice growth direc¬ 
tion. 

5. Dependence on alloy composition 

In Fig. 9 we show our predictions for the .4|- 
symmetrie deep level of cation-site Si (Ref. 31 1 in bulk 
Al v Gu| . x As as a function of .v. which are similar to 
those first obtained by Hjahnarson.' l!> 

Figure 10, in comparison with Fig. 9. illustrates that a 
Si impurity in a GaAs/Al x Ga|„ v As superlattice 
with tV| =;V, mu;. /"■; produce a deep level in the super¬ 
lattice band gap, although the same impurity in the 
alloy obtained by disordering the superlattice. 
Al. l / ;i Ga 1 _, A/2l As. does produce a deep level in the gap 
of the alloy. To see this, consider .v -0.5. for which the 
Si theoretical leve 1 does not lie in the gap of tne 2 • 2 
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FIG. 9. Chemical treads with alloy composition x in the en¬ 
ergies (in eV) of principal conduction-band edges T, L, and X, 
and the valence-build maximum of the alloy with respect to the 
valence-band maximum of GaAs, in the alloy Al,Ga|_,As, as 
deduced from the Vogl model (Ref. 25). Also shown is the pre¬ 
dicted energy of the A> -symmetric cation-site deep level of Si 
(heavy line!, similar to the predictions of Hjulmarson (Refs. 31 
and 48). The Vogl model is known to obtain very little band 
bending. Moreover, the L minimum for.* *0.45 is known to be 
at a bit too low an energy in this model. When the deep level of 
neutral Si lies below the conduction-band minimum, it is occu¬ 
pied by one electron (solid circle) and one hole (open triangle). 
When this level is resonant with the conduction band, the elec¬ 
tron spills out and falls (wavy line) to the conduction-band 
minimum, where it is trapped (at zero temperature) in a shallow 
donor level (not shown). 

GaAs/Al.,Ga|_, As superlattice. For x =0.25 the Si lev¬ 
el is in the gap of the alloy, however. 

This situation is much more common in larger-period 
superlattices. I} where the band edge of the superlattice is 
almost the band gap of the small-band-gap material 
(GaAs) (see Fig. 1). To a good approximation, if an im- 



FIG. 10. Chemical trends with alloy composition .v in the en¬ 
ergies tin eV) of principal conduction- and salence-band extre¬ 
ma of a >GaAsi;/tAI,Giii v As«, superlattice. with respect to 
the valence-band maximum of GaAs. Compare with Fie. 9 for 
the alloy. The superlattice wave vectors of the min ma are 
k = 0. k = 1 2— . a t i< :,()!. which has states derived front the L 
point of the bulk Hrilloum rone, and the points derived from the 
bulk .V point: ‘2.t ’(O.O.’.Y — ,V.i ’). which is.p.-like. and 

2- a >< l.ti.(k which is o -ando -like 
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purify 20 (i) produces a deep level in the gap when the im¬ 
purity lies in the large-band-gap bulk material 
(Al A Ga|_ x As), and (ii) has its corresponding deep level 
resonant with the host bands when the impurity occupies 
a site in the small-band-gap bulk material (GaAs), then 
the impurity's deep level will net lie in the gap of the 
large-period superlattieo for the case that the impurity 
occupies a site in a small-band-gap (GaAs) layer. Thus in 
an 18x18 GaAs/AI 0 ,;Ga 0 iAs superlattice (Fig. 1), Si on 
a Ga site in a GaAs layer has its .4,-symmetric deep level 
in the conduction band of the superlattice,. and so is a 
shallow donor. However, in the corresponding alloy with 
x=0.35 (Fig. 9) the cation-site Si level lies within the 
fundamental band gap and is a deep trap. Similar phys.es 
holds for other defects. This physics might be the origin 
of the improved transport characteristics of GaAs/AlAs 
superlattices over Al 0 .}Ga 0 J As alloys, as observed by 
Fujiwara ct al . ,J 

6. Fluctuations 

For some time it has been known that fluctuations in 
alloy composition x of Al v Ga,_ t As can cause normally 
shallow donors such as Si (for x <0.3) to produce deep 
Levels in.-regions where the AT mole fraction is consider¬ 
ably larger than the average value x. Here we have 
shown that in thin quantum wells of GaAs in 
GaAs/Al. v Ga t „_ t As superlattices for x >0.3 the Si can 
produce deep levels as well. Thus fluctuations in layer 
thickness can produce previously unanticipated deep 
traps. Since deep-level wave functions have large ampli¬ 
tudes only within a radius of ==5 A of the impurity, a 
fluctuation in GaAs layer thickness (in the c direction) 
down to, say, 20 A, occurring within a small circle of ra¬ 
dius 5 A in the ,v-;> plane, would lead to Si deep levels in 
that region. Hence, special care may be necessary during 
superlattice growth to prevent nor.uniformities in layer 
thickness, which could le.J to such deep-level formation. 

7. Relationship between cation-site Si 
and the DX center 

For some time the technologically important native de¬ 
fect DX in Al x Ga|_ A As has been the subject of discus¬ 
sion, with Lang" first proposing that it is a donor-vacancy 
complex, and Hjalmarson 4 : *" 0-4g setting forth the model 
of a Si impurity on a cation site. Clearly, the Si center 
discussed here has the energy levels and dependencies on 


ailoy composition x required of a DX center. Our 
opinion is that the DX center is normally either a Si im¬ 
purity, a complex containing a Si impurity (perhaps Si-Si 
pairs in some cases), or, in some instances, other impuri¬ 
ties such as S’i that are similar to Si. The complexes 
should have spectra very close to the spectra of their con¬ 
stituents. 50 The persistent photoconductivity associated 
with the DX center appears to be best explained by the 
Hjalmarsoti-Drummond phonon-coupling model. 4 How¬ 
ever. we note that Li et a/. 51 dispute the Hjalmarson- 
Drummond conclusion and there remain unanswered 
questions concerning the DX center. We hope that the 
present work, which shows how the deep 'evels associat¬ 
ed with Si should behave in the superlattice, may help in 
solving the mysteries surrounding this interesting defect. 

IV. SUMMARY 

The calculations presented here call into question the 
common assumption that the character of an impurity in 
a superlattice will always be the same as in the bulk. We 
have presented calculations which indicate that the nor¬ 
mal shallow dopant Si in GaAs may become a deep trap 
in a GaAs quantum well of a GaAs/Al 4 Ga,_ v As super- 
lattice. This prediction should be tc.st.J for x >0.7 su¬ 
perlattices, where it is likely :o be most reliable. 52 

We have elucidated the physics of deep ievets in super¬ 
lattices, and find splittings of 7\ bulk levels and shifts of 
A , levels of order 0.1-0.2 eV for defects at the interface 
and less for impurities within two or three atomic planes 
of an interface. For impurities more distant from an in¬ 
terface the effect of the superlattice is primarily to change 
the window of observability (.” the deep level: If one imag¬ 
ines the deep levels as being relatively fixed in energy, the 
role of the superlattice is to provide the band gap: super¬ 
lattices with.small GaAs quantum wells h;ve sufficiently 
large band gaps that deep levels which are covered up by 
the bands in bulk GaAs are uncovered and observable in 
the superlattice. 
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Theoretical densities of phonon states In random At x Ga l _ x As alloys are 
presented and compared with published Raman scattering data. The 
calculations employ the recursion method and a Born-von Karman rigid-ion 
model of the lattice dynamics; they permit the assignment of major 
spectral features either to parent modes In GaAs and At As or to* 
vibrations of specific alloy clusters. The phonon spectral densl.les of 
states are shown to be nearly "persistent" — a linear superposition of 
GaAs and AtAs spectral densities. Deviations from the persistence limit 
are attributed to "alloy modes." Many assignments of lines in Raman 
spectra arc confirmed, but tome lines are reinterpreted. 


1. Introduction 

In this paper we report calculations of the 
densities of phonon states for At x Ga[ -x As 
substitutional alloys, and compare our results 
with Raman scattering data of Tsu, Kawanura, and 
Esaki (1), Kim and Spltzer [21, Salnt-Crlca et 
al. (it, and Jusserand and Saprlel [4], We show 
that the densities of states of these allovs 
are, more or leas, "persistent" tn the seme of 
Dnodera and Toyozawa [51: except In Three 
spectral regions, the densities of states of the 
alloys AA x Ga|_ x Ait are linear superpositions of 
the densities of stater, of GaAs and AtAs: 

D(G;At x Gai_ As)«( l-x)D(G;GaAs)-> xD(G; AtAs). 

1 * (1) 


* Present Address: Department of Physics and 
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The deviations from the sbcve are attributed to 
"alloy modes", namely characteristic vibrations 
of small clusters in alloys not present, in 
either GaAs or AlAs. The main features of the 
Raman data are all accounted for, Including 
disorder-activated Raman modes which arise from 
either persistent modes or alloy modes In the 
densities of states that are Raman-forbidden in 
perfect zlncblende compounds. 

We employ the recursion method [6-9[ In our 
calculations, treat the Ions as rigid, Include 
first- and second-nearest-neighbor force 
constants, and neglect long-ranged Coulomb 
forces. To our knowledge, these are the first 
calculations of this type for III—V 
semlconductlve allovs. Coherent potential 
approximation (CPA) calculations ;10) have been 
reported previously. However, the CPA, 'n Its 
usual form, breaks down whenever the local modes 
of clusters of minority atoms become Important 
-- t.e., on the order of x 2 or (l-x) 2 and 
higher. Recause of tht .persistent nature of the 
densities of states, Ea. (1), the CPA, or almost 
any alloy theory, will successfully predict ihe 
main features of the alloy spectra; hut the 
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Fig. 1. Displayed from top to bottom are 
phonon dispersion curves for CaAs, densities of 
phonon states for GaAs, density of phonon states 
for Alf, 5 Ca 0 ^A«, densities of phonon states for 
AlAs, and phonon dispersion curves for AlAs. 
respectively. The phonon dispersion curves for 
GaAs (solid lines) were obtained using the 
force-constant parameters of Ref. (ill, and are 
compared with the neutron scattering data of 
Ref. |!8| (dotted lines). The phonon dispersion 
curves for AlAs (solid lines) were obtained In 
the present model, and are compared with the 
Infrared reflection data and the Raman 
scattering data of Ref. f131 at the T point 
(circles), and the optical absorption data of 
Ref. f14] at the X point (circles). (It was 
pointed out by Parker et al. [IS! chat the 
assignments for T0:X and LO:X, given In 


Ref. [141. should be reversed. Here we use the 
assignment of Barker et al.) The phonon 
densities of states for GaAs and AlAs were 
obtained bv the recursion method (solid lines) 
and are compared with the densities of states 
obtained by the Lehmann-Taut method (dashed 
lines). The density of states for Atg sGag i^As 
was obtained by the Lehmann-Taut method using 
the virtual-crystal approximation for the 
force-constant parameters and the catlon-slte 
mass In this alloy. Phonons at specific 
wavevectors In the Brlllouln zone, such as the 
optic mode at f, O-.T, have those wavevectors 
Indicated after a colon. The main symmetry 
points are r«(0,0,n), L-(2s/n L )(1/2,1/2.1/2), 
X-(2«/a t )(1,0,0), G-(2s/a L )(1,1/4,1/4), ?nd 
K-(2*/a t )0/4,3/4,0). 
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deviations frow the oeraj1 Imlt — uhlc h 
are the non-trlvl.il «lk« . — ire not 

reliably oredlcteu hx tn«- *"A and rose other 
allov theories, tn contra*'., the recursion 
method is capable of Inc Inning all orders of x, 
and predicts accurate alloy spectra provided 
that the proper ensemble averages over the 
various local environments are evaluated. 


2. Outline of the calculation 

The first step of our method Is to obtain 
force constants bv fitting the phonon dispersion 
relations of GaAs and AlAs with a first- and 
second-neighbor rlgld-lon Bom - von Karman 
force constant model. For GaAs, the force 
constants of Banerjee and Varsftnl (11] were 
found to be excellent (here we set their 
long-ranged force constant "x“ to zero); for 
At As the elastic constant data for Cjj (121 and 
the following measured squared phonon 
frequencies were used to determine the six 
Independent force constants of the model: 
(H 2 (LO:r)+20 2 (TO:n]/3, ,l 2 (TO:X); fl 2 (LO:X); 
S2 2 (LA:X); and fl 2 (TA:X) (13-15]. (Here we denote 
optic and acoustic modes by (1 and A, 
longitudinal and transverse modes by L and T, 
and the wavevector < using standard symbols 
(16]. Hence LA:X refers to the longitudinal 
acoustic mode at the X-polnc of the Hrlllouln 
zone.) The force constants v, u, and A for 
anions and cations In AlAs, In the notation of 
Banerjee and Varshnl (III, were assumed to be 
related according to a central-force model (17]: 
v“U-A. The resulting phonon dispersion curves 
are compared with data (13-13,18] In Fig. 1 (top 
and bottom), and the force-cc--.scant parameters 
obtained In the present model are tabulated In 
Table t. 

Ho long-ranged forces are Included In the fit 
to the phonon dispersion relations; hence the 
observed splitting at the T point of the 
Brlllouln zone between the longitudinal optic 
(l/>) and transverse optic (TO) modes cannot be 
reoroduced by the model. However, this splitting 
Is small, -18 cm -1 In GaAs and -38 cm" 1 In AlAs, 
In comparison with optical mode energies of 
-7.70 cm” 1 and -390 cm” 1 , respectively. While 
explicitly Ignoring the long-ranged Coulomb 
forces, we note thac a model with first- and 
aecond-nearest-nelghbor force constants can at 
least adequately represent some of the effects 
of the long-ranged Coulomb forces *C the 
zone-boundary points (which dominate the 
denslcy-of-staces spectra). Moreover, the 
qualitative differences In the phonon dispersion 
relations due to the long-ranged Coulomb forces 
are major only In the long-wavelength Halt 
(near the T point In a Brlllouln zone); the 
direct effect on the ,’lobal features of the 
densities of phonon states Is rather small (19]. 
Caution should he taken,' however, when 
vibrational properties In the long-wavelength 
limit are of concern, such as In Raman 
spectroscopy or Infrared reflection 
spectroscopy. 


To obtain deputies of states we employ 
1000-acom clusters and execute the recursion 
method to M levels of continued frsctl'i*; such 
parameters were found to he necessary to obtain 
good representations of die phonon deisltlox of 
states of GaAs and AtAs. Details of the 
calculations can be found In Ref. (201. In 
Fig. 1, we dlsplav the resulting phonon 
densities of states for GaAs and AtAs obtained 
bv the recursion method (solid line) compared 
with chose obtained by the t.ehmann- T «ut method 
(21! (dashed line). In che densities of states 
obtained bv the recursion method, we noti chat 
the sharp van Hove singularities (221 are 
blurred. This is characteristic of the recursion 
method, which has a slow convergence to spectral 
singularities, as they are explicitly due to the 
Infinite periodicity of the crystal lattice. 

3. Results 

Tn Fig. I, we also dlsplav che density of 
states for che alloy AJt Q 5 Ga 0>5 As, calculated 
using the virtual-crystal approximation In which 
cht force constants and che caclon-slte masses 
are linearly Interpolated between those of GaAs 
and AlAs. This spectrum exhibits only one 
"amalgamated” [5] optic band and thus che 
well-known "two-mode behavior" f 13,23] of this 
alloy is not reproducer: by che virtual crystal 
approximation. 

In the recursion-method theory presented here, 
Che force-constant parameters for an allov of 
composition x are determined using those of the 
oarent compounds (Tahle t). For A* X G.» ( _ X A*, the 
first-nearest-nelghbor force constants, a, of 
pure GaAs and of pure AtAs are used for Ca-As 
pairs and At-As pairs In the alloy, namely, 

a(At x ffaj.. x As:'"e-A*) - a(CaAs) 

a(Al x Caj_ x As;At-As) • a(AtAs) . 

( 2 ) 

We use the same relation for 9(Al x Ca l _ x As;Ca-A») 
and 8(At x Gaj_ x As:Al-As). The second-nearest- 
nelghbor force constants. A, for four possible 
pairs of atoms In the alloy are determined by: 

A(At x Caj —x As;Ga—Ga)*Xg(GaAs) 

A(Al x Ga 1 „ x As;As-As)-(l-x)A # (CaAs)+xA a (AlAs) 

A(At x Ca!_ x As;At-At)-A c (AtAs) 

A(At x Ga t _ x As;Ca-At)»(I-x)A (CaAs)*xA c (AlAs), 

(3) 

and we use the same relation for the other 
second—nearest-neighbor force constants u and v 
for these four possible pairs of atoms. The 
distribution of atomic masses ac various 
zlncblende lattice sites Is determined for 
U x n *l-x A " a * fo 1 l° w#: (1) all anlon-slte atoms 
are As atoms; (11) at a specific cstlon-slte, 
the mass Is that of At wtch probability x or the 
mass of Ga with probability l-x (as determined 
by a random number generator). 
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TABLE 1. Force-constant 
|f)’ dyne/cm) end masses 
Her# Che lahels a and c 
cation, respectively. 


parameters (In units of 
(In units of in" 24 g), 
refer to the anton and the 



GaAs 

AtAs 

a 

-39.525* 

-41.546 

8 

-34.000* 

-37.760 


4.500* 

1.772 

*c 

4.500* 

-4.246 

u a 

-3.497* 

-2.217 

u c 

-4.447* 

-0.693 

w a 

-3.6®7* 

-3.98® 

v c 

-4.447* 

3.553 

M a 

124.4102 

124.4102 

M c 

115.7722 

44.8044 


[a] Parameters for GaAs obtained from Ref. (111. 


The recursion method has been described 
elsewhere (6-®l, and Is well-suited for 
calculating the local density of states at a 
specific site in a disordered system: d(R;Q). 
Since d(#;8) depends sensitively on the local 
atomic environment, in order to obtain the total 
density of states, which Is Insensitive to 
specific local order, we sum over an ensemble of 
local densities of states as follows: (1) at the 
center of the 1000-atom cluster, a specific 
five-atom alnlcluster Is generated, e.g., a 
central As atom surrounded by one Ga and three 
At atoms; (11) the probability p(x) of this 
cluster occurring In an alloy with composition x 
Is determined (see Appendix); (111) the 
remaining 94$ atoms of the cluster are added, 
with As atoms on anion sites and either Ga (with 
probability l-x) or At (with probability x) 
atoms on cation sites; and (tv) the local 
density of states at the central site of the 
mlnlcluster, embedded In Its alloy environment 
of 495 atoms. Is computed. The process Is 
repeated for all possible mlnlelusters, each 
embedded In the 995 atom cluster. The anlon-slte 
densltv of states Is then given by 

°anton( n) ’ E 1 ^(x) d^M) , 


where the sum Is over all possible mlnlelusters, 
and d. and o t are the local densltv of states 
and tne probability of occurrence of the I th 
mlnlcluster respectively. Thy cation-sice 
density of statis Is determined I com the local 
densities of states of a f.a atom and an At atom, 
each of which Is surrounded by four As atoms, 
and It can be written as 

n catW n > ' <>“*> <W#:n) + * d Al (t;V . 


, The total density of states Is the sum of the 
'anlon-slte and eatlon-slte local densities of 
states. 

The calculated total densities of phonon 
states for At x Ga,_ x As, for various compositions 
x, are shown In Fig. 2. To a good approximation 
these spectra are "persistent", namely they 
appear to be linear superpositions of GaAs and 
AtAs spectra (See the dashed line of Fig. 2), as 
determined by Eq. M). In three spectral 
regions, there are significant deviations from 
this "persistent" behavior: (1) near 75 cm -1 , In 
the acoustic band, (11) near 250 cm -1 . In the 
GaAs-llhe optic band, and (111) near 370 cm. 

In the AXAs-lllte ootlc band. These are all 
"alloy modes". By examining the local densities 
of states at various sites for different alloy 
configurations, we are able to associate each of 
these features with vibrations of specific small 
clusters. 'Je discuss this In the following. 

In the midrange of alloy compositions, x*0.5, 
the transverse and longitudinal acoustic medes 
are primarily associated with the vibrations of 
As atoms that are surrounded by Ga and At atoms 
at the nearest-neighbor sites. The deviation 
from the persistence spectrum at -75 cm - * Is due 
to fluctuations In the alloy composition: It 
comes from the contributions of clusters 
containing Ga and At atoms which are present In 
a ratio different from 50 t each. 

The persistence spectrum (dashed line of Fig. 
2) near 270 cm"* is composed mainly of the 
following two types of vibrational modes: (1) 
vibrations of a central Ga atom that has Ga 
atoms for Its twelve second nearest neighbors, 
and (11) vibrations of a central As atom that 
has Ga atoms for Its four first nearest 
neighbors. The deviation from the persistence 
spectrum around this frequency region, namely 
the shoulder at -250 cm"*, Is thus attributed to 
the following alloy modes: (1) vibrations of a 
central Ga atom with At atoms replacing .a attv s 
at the second-nearest-nelghhor "lea, and (11) 
vibrations -f a central As atom vth At atoms 
replacing Ga atoms at the flrst-nearest-nelghbor 
sites. 

The persistence spectrum (dashed line of Fig. 
2) at -345 cm"* and -3®0 cm"‘ Is due to 
vibrations of a central At atom that has At 
atoms at the second-nearest-nelghbor • tter.. The 
deviations from the persistence limit are 
attributed to the alloy modes, which are 
vlbratlrcs of a central At atom with Ga atoms 
replacing At atoms at th# second-nearest- 
neighbor sites. 
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WAVE NUMBER X" (cm* 1 ) 



0 10 20 30 40 30 

ENERGY { meV ) 

vtg. 2. Densities of phonon state* 0(0) for 
Atj_ x Ga„A« alloy* obtained by the recursion 
method (solid line*) along with density of 
states obtained using the persistence 
approximation, Eq. (1), for x ■ 0.) (dashed 
line). The assignments given to 'omlnent peaks 
represent clusters or atoms that are responsible 
for the vibrations giving rise to the peaks. For 
example, As denotes clusters with a central As 
atom; (As,AX) denotes clusters of a central As 
atom with Ai nearest-neighbor*; and (Ca,AX) 
denotes clusters of a cuntral Ca atom with At 
second-nearest neighbor* (or nearest cation 
neighbors). 


The clusters responsible for the Impurity 
modes at alloy composition x ■ 0.I (CsAssAl 
local mode) and x « 0.4 (AXAs:Ga gap mode) are 
as follows; (1) the sharp peak near 370 cat -1 of 
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Atn.iOaq aAs Is due to Isolated AX atoms 
surrounded bv a mostly-0*Aa environment, and 
(11) the peak near 260 cm"' of At^ ,Ga rt) As Is 
due to vibrations of Isolated Oa atoms 
surrounded bv a mostly-AXAx environment, and due 
to the vibrations of As atoms bonded with these 
tsolatad Oa atoms. 

The fact that the allov spectra are persistent 
(and definitely not vlrtual-crystal-llk* or 
amalgamated — see Fig. I), especially for ootle 
modes, means that the principal spectral 
features can be roughly labeled by the auantum 
numbers of the parent compounds OaAs and AXAs — 
despite the faet that the wave-vector if and 
other symmetry labels for the quantum numbers 
are not strictly valid for the allov. Therefore, 
any reasonable alloy theory, which Is based on 
experimentally known optic frequencies of the 
parent compound semiconductors, should be able 
to explain the principal features of the data. 
This Is why very simple models, such as the 
random-element-lsodlsplacement (REI) model 
[23-2S1, have been successful for the purpose of 
obtaining optic mode frequencies as a function 
of alloy composition. The features that are 
difficult for anv model to predict are the allov 
modes. In this regard, we note that the present 
method, despite Its limitation to short-range 
forces, la elearlv capable of Including anv 
alloy modes, whereas most other theories, 
Including the coherent potential approximation 
(CPA) I[01 and other similar effective-medium 
theories, are Inappropriate for Including the 
effects of clusters of minoritv atoms — i.e., 
effects on the order of x 2 or (1-x) 2 . 

4. Comparison with data 

In comparing the calculated densities of 
states with Raman or Infrared data, one must 
make allowances for the deficiencies of the 
theory, Including the facts that the calculated 
spectra do not Include Raman or Infrared matrix 
elements, and the model neglects the 
polarizability of the bonds and the long-ranged 
Coulomb force*. Thus, when viewing the 
theoretical predictions, It may be necessary to 
mentallv shift peaks of order *20 cm"*, sollt 
peaks, broaden chem, and change their 
Intensities In order to bring the theory Into 
coincidence with the data. Nevertheless, even 
with these uncertainties, the theory can be very 
useful for Interpreting data. 

a. x»0.76 

Fig. 1(a) shows Raman data for AX Gaj_ x As with 
alloy composition x * 0.76, obtained by Tsu et 
al. (1|, and the bast-resolved spectrum, at 
T ■ 350 K, among tha resonant Raman-scattarlng 
data taken by Jusserand and Saprlel (4). The 
experimental conditions for obtaining these 
data, in a perfect crystal, would yield only the 
L0:T modes: bsekscatterlng from the (100) 
surface with Incident and scattered light 
polarizations parallel to the (0111 crystal 
axis. However the disorder of the alloy breaks 
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WAVE NUMBER X' 1 ( cm - ') 


0 100 200 300 400 



Fig. 1. (a) Raman spectrum for A*o.76 c *0 24 A * 
after Ref. [1) (solid lines) and resonant ftaman 
spectrum for Al« 7 jCan j^As after Ref. (41 
(daahed line); (b) calculated density of phonon 


the Raman selection rules, leading to the 
activation of other non-LO moles. Thus, while 
the theory (See Figs. 1 and 3(b)) confirms the 
general assignment of the L0 AtA peak, It 
suggests that disorder-activated tone-boundary 
T0:L and T0:X modes, which produce a peak In the 
calculated density of states at -390 cm" 1 (Fig, 
3(b)), contribute as well to this peak — giving 
It breadth and an aavmmetrlc shape. 

Concentrating on the fact that the selection 
rules forbid the TO modes (In the crystal), we 
speculate that the TO^as assignment of the 
-340 cm"* peak should be revised: the theory 
(Fig. 3(b)) has an alloy mode ar -340 cm"*, 
which results from (See Fig. 2) vibrations of At 
atoms with some Ca atoms replacing At atoms at 
the aecond-nearest-nelghbor sites (typically 
three Ca atoms and nine At atoms at the 
aecond-nearest-nelghbor sites for x ■ 0.74). 

Ue confirm the other major mode assignments of 
Ref. (11: the peaks designated as CaAs-Uke LO 
and (dlsorder-aetlvated) TO modes in the data 
correspond to the persistent part of the 
OaAs-llke optic band at -270 cm"* In the density 
of states (See Fig. 1). The shoulder of the 
GaAs-llke ootle peak (AL: denoted Acoustic Local 
mode In the data) can be attributed to the alloy 
mode at -250 cm"* In the density of states (Fig. 
2). This mode Is due to vibrations of As atoms 
with M atoms replacing Ca atoms at the 


states for At n ^^As. Various mode 

assignments of*Refs.*Tl) and (4) are Indicated. 
AL denotes an acoustic local mode. 


nearest-neighbor sites (cyplcally three At ators 
and one Ga atom at the nearest-neighbor sites 
for x » 0.76). 

The two lowest bands observed In the resonant 
Raman-scatterlng data of Ref. (4) (Fig. 3(a)) 
are- the disorder-activated longitudinal acoustic 
mode and the disorder-activated transverse 
acoustic mode respectively. The acoustic region 
of the density of states, for this alloy 
composition, retains most of the features of 
AtAs, and can be crudelv assigned with the 
svmmetrv points of AlAs. Comparing each feature 
In the experimental data with the density of 
states (Fig. I), we confirm in general the 
t.A:X(AlAs), TA:X(AtAs), and LA:L(AlAs) peak 
assignments, while noting that, respectively, 
disorder-activated LA:U,K(AlAs) and TA:L(AtAa) 
mode* should also contribute to these ,.eaks. «'e 
tentatively ^assign the peak labeled TA:L(AlAs) 
In the data, at least in part, to an alloy mode 
which results from vlhratlons of As surrounded 
bv (typically three) At atoms and (at least) one 
Ca atom. 

b. x»0.54 

Figure 4(a) shows the Raman data obtained Sv 
Kim and Spltrer |2! for allov composition 
x • 0.44. The AtAs-like LO mode and the 
OaAs-llke 10 mode are very sharp, obeying the 
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Fig. 4. (a) Raman spectrum for Alg. ^Gag.^As disorder-activated longitudinal acoustic mode Is 
after Ref. (21: (b) calculated density of' phonon denoted DALA. 

states for the same alloy composition. The 


selection rules for this experimental geometry 
(haekscatterlng from the (001) surface with 
light polarizations parallel to the [1101 
crystal axis). The theory confirms the DALA, 
LO^aAg, and L0 AtAg assignments. Furthermore, 
comparing the data with the density of states, 
the shoulders of the two main peaks appear to 
have resulted from the alloy modes which are 
disorder activated. The clusters responsible for 
these modes are nearly the same as those In the 
case of x ■ n.5, as described earlier (Fig. 2): 
The L0 CaAl mode has sidebands assigned to 
clusters with a central Ga atom and some At 
atoms as second-neighbors and to clusters with 
As surrounded by some nearest-neighbor At atoms. 
The line has a low-energy tall due to 

vibrations of clusters with central At atoms 
with some fta second-nearest-nelghbors. 

111. x-0.2 

I'ntlke the data for x«0.76 and x-0.54, the 
Raman spectrum of Fig. 5(a) [3] waa measured 
under conditions meant to forbid the 10:r and 
T0:T modea (In the case of a perfect zlncblende 
crystal): scattering from the (100) surface with 
light polarizations parallel to the [0011 
crystal axis. Hence the main peaks are due to 
hroken selection rules and are 
disorder-activated (DA). The peak assigned to 


two-phonon scattering bv transverse acoustic 
modes (2TA) and the disorder-activated AiAs-llke 
optic mode (DAO) near 370 cm - * were removed from 
the spectrum hy the authors of Ref. [31, 
yielding the processed spectrum of Fig. 5(b) — 
which those authors argue is similar to the 
density of vibrational states for GaAs. Our 
calculations confirm their density of states 
argument and support their assignments. The 
somewhat sharper feature In the theory at 
~2R0 cm"* is an artifact of the theoretical 
model due to the omission of lang-ranged forces: 
as a result the TO:r and 10: T modes are 
degenerate In the theory but spilt In the data. 

5. Summary 

The recursion calculations provide a good 
account of the phonons In At Oa[_ x As alloys. In 
general, the spectra are well-described by the 
rerslstence limit, F.q. (1), which Is why so many 
assignments of alloy spectral lines In terms of 
phonons In GaAs or AlAs have been correct. In 
particular the "two-mode" behavior of the 
At x°*!-x A * 0B ^*’ C mode Is a conseauence of the 
persistent nature of phonons In these alloys: 
thus one observes distinct AlAs-ltke and 
GaAs-lIke optical phonon modes. 

The genuine allov effects are the "alloy 
modes" that are not well-described by the 
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Fig. 3. (a) Raman spectrum for At p ,Sa 0 gAs density of phonon states for the same alloy 

after Ref, [31; (b) spectrum obtalne<2'ln ' composition. IW Indicates "disorder-activated." 

Ref. (31 by removing the background, the The mode Identifications In (a) are those of 

two-phonon contribution, and the DAO Ref. [3). 

(Disorder-Activated Optic mode); (c) calculated 


persistence approximation, Eo. (1). The APPENDIX: Probabilities 

recursion-method theory produces these modes and 

Identifies each of them with the vibrations of a The probabilities of occurrence of five-atom 

specific atom or cluster of atoms. These ralnlclusters are calculated assuml .g a random 

Identifications appear to provide Improved pseudo-binary allj' 1 In which all anion sites are 

assignments of some Raman spectral lines. The occupied by As atoms and the At and Ga atoms are 

success of the theory In this regard, namely In randomly distributed on the cation sites. For a 
describing the corrections to the persistence mlnlcluster with a central At or Ga atom, the 

limit. Is what makes the recursion method a four neighboring atoms are .‘s atoms. For a 

satisfactory theory of alloys. However the central As atom, the probability of m At and n 

present calculations should be regarded as only Ga atoms on the neighboring sites Is x m (l-x) n , 
a first semi-quantitative attempt to describe and there are 4!/(n!m!) such clusters, 

phonons In III-V pseudo-binary alloys. The 
theory should be Improved by Including 

long-ranged forces, especially Coulombtc forces REFERENCES 

and the effect of the polarizability of the 
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We report self-consistent calculations for the deep levels of nearest-neighbor (S,S> substitutional 
defect pairs in Si, including (i) the charge-state splitting, and (ii) ratios of hyperfine tensor com¬ 
ponents. The good agreement with available data lends credence to the mcsobonding mode! of 
paired-chalcogen deep levels. 


I. INTRODUCTION 

A controversy exists concerning the character of the 
deep-level wave functions of chalcogen nearest-neighbor 
substitutional pairs in Si. On the one hand, Sankey and 
Dow 1,2 and Hu el a/. } claim that the "molecular” wave 
function for the (S.S) deep level in the gap of Si is meso • 
bonding, that is, a a-like a, -symmetric 4 bonding linear 
combination of the two antibonding p-like T 2 -symmetric 
isolat-d-S wave functions. (These T l states of isolated S 
are not deep in. the gap of Si, but are resonant with the 
conduction band; the isolated-S states in the gap are 
known to be of A , symmetry and of antibonding charac¬ 
ter, but descend into the valen... band for (S S) 
pairs. J,J-12 ] On the other hand, Worner and Schrimer 15 
claim that the corresponding wave function for (Se,Se) is 
totally antibonding : an antibonding linear combination of 
antibonding isolated-Se j-like dl ( -symmetric deep-level 
wave functions. In the Worn.r model, the /I|-derived 
state of the molecule lies within the fundamental band 
gap. 14 [Both of the theories indicate that the deep levels 
of (S.S) and (Se.Se) should have similar wave functions.), 

In this paper we report self-consistent calculations of 
the wave functions and energies for (S,S) + and (S.S)° 
deep levels in Si. Our results lend support to the meso- 
bonding model and complement other sclf-consistent 
theories of extended defect'/inser Conductors. 15 

II. hlETHOD 

Our approach is based on the Hjalmarson et al. theory 
of deep impurity levels, 16 and solves the secular equation 

det[l-(7 o (£)l']=0, (1) 

where V is the defect potential operator and G n lE) i: the 


bulk-Si Green’s function 


C 0 (£) = (£-//„)■ 1 


T !k,A.)(k.A.J_ 

(2) 

~ £-£(k.A) ‘ 
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The Green’s function is evaluated using the sp 3 s* 
empirical tight-binding model of Vogl et al,, 11 by simply 
finding the eigenvalues £(k,X) and eigenvectors |k,X> 
of the Hamiltonian. 11 The defect potential V~H —H 0 is ljt 
constructed along the gentral lines suggested by Hjalmar¬ 
son et ah. 16 In a localized Lowdin-orbital basis of s, p x , 
p y , and Pi orbitals the defect-potential matrix is a 32 X 32 
matrix involving only the two S sites and the six neigh¬ 
boring Si sites directly bonded to S atoms. Following es¬ 
tablished approximations, 16 we neglect the long-ranged 
non-central-cell Coulombic parts of the defect potential 
and ignore lattice relaxation around the impurities— 
approximations that introduce uncertainties of a few 
tenths of an eV into the predicted absolute deep level en¬ 
ergies. 16,17 However, for studies of charge-state split¬ 
tings, which are differences in deep-leveLenergies, these 
theoretical uncertainties largely cancel, leading to a 
theory of the energy difference much more accurate than 
0.1 cV. 

The symmetry group of a nearest-neighbor substitu¬ 
tional (S,S) pair oriented along the (111) crystal axis is 
Cj„ (Ref. 4) (versus T d for isolated S). The irreducible 
representations are a, (a-like), a 2 (rotation about the 
S—S bond), and e (ir-like). Thus the 32x32 secular 
determinant factors into one 10x10, one 2x2, and one 
20x20 determinant, each with the form 

det(l-G 0 n=0, (3) 

but involving matrix elments between the basis functions 
of a single irreducible representation only. Details of the 
calculation and explicit expressions for the basis func¬ 
tions may be found elsewhere. 16 

The defect potential is diagonal in a Lowdin-orbital 
basis for the perturbed crystal, with the values 

</,o;R | V |/,ct;R )=/?,[£!/,//;R)- H't/.crjR)] (4) 

where £, =0.8 for / =s and /?, =0.6 for t =p x , p v , or />.. 16 
Here R labels the atom and o denotes spin; IPU.stR) is 
the value of £(/,cr;R) for. bulk Si. 

The defect potential is determined self-consistently us- 
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TABLE I. Computed occupation numbers nii,a\ R) for the 
(S,S) and isolated S defects in Si. 


Occupation number 

(S.S) 0 

(S.S) * 

IS)" 

(S) • 

2«(r,<r,R n ) 

2.01 

1.96 

1.97 

1.92 

** 

3.86 

3.86 

3.84 

3.87 

2«(r.«r;Rj) 

1.26 

1.26 

1.25 

1.30 

R 2 ) 

** 

2.65 

2.60 

2.64 

2.57 


ing the scheme of Haldane and Anderson. 20 The 

atomic-orbital energies are • 

£(r,<r)*£, 0 +f/„ m Pll ,a') (5a) 

*t* n ,<t' 

and 

E(p y ,cr)—E°+U ff 2'«</v<r')+C/ ( , 2«(i,<r'>, (5b) 

fA,o' n f 

where v.and p run over x, y, and z, and the prime on the 
summations means that terms with a=a' and v=/t are 
excluded. The occupation numbers n are either unity or 
zero in atoms. The Coulomb integrals U„, U tp , and U^, 
together with the orbital energies £,° and £°, have been 
determined for Si and S befitting atomic Spectra. 7 

In the solid, the occupation numbers at each site, 
nU,a\ R), are allowed to assume nonintcgral values, be¬ 
cause charge is more delocalized then in an atom. At 
zero temperature, they are expressed ip terms of the 
defect-perturbed Green’s function G~G 0 [ 1 —(7 0 F)' *: 

n(i,a;R)-(-l/ir)f “ lm(i,a,R\GlEY\i,6,R) 

+ 2 (6 >-. 

where £„ is the valence-band maximum and the summa¬ 
tion runs over the occupied bound states in the band gap. 
Here the bound states are normalized as follows: 21 


<«P y | F(d/d£)[G l ,(£)]n'*' i >=- l • <7) 

Since the occupation numbers n depend on the defect 
potential V (and vice versa), Eqv (3K (4), and (6) are 
solved iteratively until self-consisteneylsobtained. This 
is done for the deep levels of both <S,$i)-' .andiS,S)°, the 
difference between the energies of the two deep levels be¬ 
ing the charge-state splitting. 

III. RESULTS 

A. Occupation Nmoeb 

The computed occupation o-mbers for a S Site (R 0 ) 
and a Si site (Rj) are given in Table I. They add to (al¬ 
most) six electrons per S atom and four per Si atom, indi¬ 
cating that the atoms are all nearly neutral in their cen¬ 
tral cells,(regardless of the charge state of the defect: the 
extra electron of (S,S)° is rather delocalized and spends 
very little time in the central cells. A similar situation 
held for isolated S in Si (Ref. 6) that has virtually the 
same occupation numbers nU,a, R) as (S,S), despite the 
fact that the deep-level wave function is qualitatively 
different—being A , >:t character rather'tan 7\ derived. 
(See Table I.) 

B. Comparison with data 

The principal results of the calculation, as they relate 
to data, arc displayed in Table II. These include the 
charge-state splittings £[(S,S)°]-£[(S,S) + ] and 
£lia;"]-£((S) f ], respectively, and various measured 
functions of the hyperfine tensor's components, A t and 
4, for <S,S)* and B t and 5. for (S) + , as computed in 
Refs. 1, 2, and 5. Note that alt of these quantities are in 
excellent agreement with the* data. The predicted Ty 
derived deep level of (S,S)° lies a few tenths of an eV 
below the measured level, a result attributable to the s*-p 
coupling of the simplified Vogl tight-binding model, 
which is well known to push the indirect conduction- 
band minima of Si down (to their experimental energy, 
while simultaneously depressing the /’-like 7\-derived 


TABLE II. Comparison of theory with data for the charge-state splittings £i.(S,S)"]-£[<S,S)* ] and 
J?l(S)°]—£((S) + ) for (S.S! and isolated-S deep levels in Si, absolute energy £[(S'.S) n ] of the neutral (S.SI 
deep level (with respect to the valence-band maximum), and various ratios of tbe principal values for 
the hyperfine tensor A of (S.S)* and B of (S) \ The data for A\/ A\ and (<4 ( - A t )/(A t + 2 A, )arc for 


(Se.Se)* because we were unable to find comparable data for (S.S) *. This substitution of Se data for S 
data is justified because the S and Se deep levels in Si are known to be almost the same (Refs. 2 and 5): 
Both defects’ wave functions are Si-dangling-bond-like (Ref. 16). .. , 


Theory 

Data 

£((S,S)"] —£((S,S) 1 ) 
£[(S) (, ]-£(<S)*] 

0.19 eV 

0.1E eV* 

0.27 eV 

0.30 eV* 

£(<S,S)"] 

0.44 eV 

0.98 eV* 

V*« 

0.35 

0.37 h 

A,/A, 

0.95 

0.97 for (Se.Se) * h 

IA,-A,)AA S + 2A,) 

0.016 

0.01 for (Se.Se) * b 


•References 2 and 9. 
^Reference 13. 
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deep levels a bit more than they should .be." This ar¬ 
tifact of the mode! can be correct by adjusting the 
strength of the s'-p coupling until the. theoretical 
isolated-(S)" deep level l : es at the experimental value of 
0.86 eV—in whichca.se the other quantities of Table II 
are changed very little,ar-.d the theoretic:-.' 'S,S)° deep lev¬ 
el is found to lie at the experimental energy of 0.98 eV to 
within \%. 

Our calculated charge distribution for the (S.S)' 1 ' dee? 
level is given in Table III and is essentially the same as 
that found by Sankey and Dow 1,2 for (S.S) <! using a non- 
self-consistent theory'which pri .iuceri remarkable agree¬ 
ment with data. Likewise our self-consistent calculations 
for the deep level of isolated (S) (Ref. 6i agree w\th an 
earlier non-self-consistent calculation by Ren et at.* 
Thus our theoretical predictions for (S,S) + and (S)* are 
in agreement with both previous theory and the 
data. 10 - 1 '' 

IV. CONCLUSIONS 

The quantitative agreement between the self-consistent 
theory and the data is a-strong indication that the meso- 
bonding model of paired-chalcogen deep levels in Si is 
correct. Electron-nuclear double resonance measure¬ 
ments of the charge distribution cf (S,S) T , if they pro^ 
duce similar distributions to those of Table III, will pro¬ 
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TABLE III. Computed electronic charge d:stribu f :on of the 
a,-symmetric mesobond'ng deep-level state in,the fundamental 
bancl gap of Si, associated with nearest-neighbor substitutional 
sulfur-pair-impuritie • <S,S) + . The index p runs over x, y, and z; 
the index R, runsover R„ and R t , that is, over the sulfur sites; 
a.id'R/. runs over R-, R., R 4 , Rs, R», and R?: the first-neighbor 
silicon atoms to each S impurity.____ 


State 

Electron charge !%) 

2 | < 'F J or, R / (S) > | ! /2 

3.4 

il<*iP ( ,.R,(S»| 2 /2 

1.9 

2 |<'F|s.R;(Si))| 2 /6 

1.3 

2 1 < '1* 1 p^,R/(Si)) 1 2 /6 

7.7 

J*.l* . 



vide final resolution of the mesobonding versus totally an¬ 
tibonding controversy. 
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The following anomalies In the (CaSb) t .. x Ge 2x Raman data, are simply 
explained using an alloy theory' and an order-disorder phase-transition 
model: (1) the discontinuous dependence on x of the Ge-iika LO mode, 

(11) the anomalous LO-TO splitting, (ill) the discontinuous change In 
the derivative with respect tox of the GaSb-llka L0 line width, (lv) 
the tsaxlaua as a function of x of the Ge-lika LO line width, and (v) the 
asymmetries of the L0 lines. 


In this communication ue report calculations 
of the densities of vibrational states for 
metastable, substitutional, crystalline 
(CaSb) 1 . J( Ce 2jc alloys (1,21 and provide 
explanations of the following anomalies In the 
Raman data (31 for these alloys: (1) the 
discontinuous dependence on x of the Ge-llke 
longitudinal optic (LO) mode frequency 0, (11) 
the existence of a discernible splitting between 
the long-wavelength (£•$) longitudinal optic and 
transverse optic (TO) modes for x<0.3 but not 
for x>0.3, (ill) the GaSb-llka LO-mode width W' 
that increases with x and exhibits a 
discontinuous change In dW'/dx at x»0.3, (lv) 
the fie LO-mode width V that, as a function of x, 

Is maximum for x*0.3 and has a discontinuous 
derivative dW/dx near x"0.3, and (v) asymmetries 
of the LO modes that are not smooth functions of 
x. 

The calculations arc based on a Bom 
von Karmen rlgld-lon (4J model of the lattice 
dynamics of CaSb and Ce. The alloy fluctuations 
are incorporated using the recursion method (5| 
(executed to 51 levels for 1000 atoms), with the 
distributions of atoms on the nominal anion and 
cation sites of a zlncblande. lattice being 
governed by the zlncblende-dlaraond phase- 
transition model with a critical alloy 
composition x c *0.3 (6,7), as evaluated In t 
mean-field approximation (8). To fccllltate the 
calculations, Interatomic forces with ranges 

* Current address': Department of Physics and 

Astronomv, University of Maryland, College Park, 
MJ> 20742. 


loager then the second-nearest-neighbor distance 
are omitted from the densities of states 
evaluation. The calculations (except for the 
phase-transition aspects) are similar to those 
reported for Al^aj^Aa (9); details of the 
calculatlonal method and tables of the relevant 
force constants are available (10,11). The 
output of the calculation Is an ensemble- 
averaged approximation to the density of 
vibrational states per unit cell 

D(n) - n" 1 z s «(n-n,), 

where N Is the number of unit cells and the sum 
Is over all elgenmodes with eigenvalues 0 . The 
results vat (C*Sb)j_ JC Ce 2x are displayed in 
Fig. I, for various values of the composition x 
and che order parameter M of the phase 
transition, which Is proportional to the average 
electric dipole moment per unit cell. (Recall 
that in this model che L0 and TO modes ec 2*3 
are degenerate.) Many features of the alloy 
density of states spectra can be associated with 
che densities of states of either GaSb or fi*: 
for x>0.5 we compare che average of the GaSb and 
Ge spectra with the alloy density of states. In 
Fig. I, we associate deviations from this 
average with "alloy modes" (9) and Identify the 
major spectral features with the vibrations of 
specific bonds In the alloy. 

Especially noteworthy Is che fact that the Ge 
optic mode, which Is due mostly to vibrations of 
Ce atoms and Ge-Ce bonds, has a low-energy Ga-Ge 
sideband that Is discernible in Fig, l for 
x<0.5. The calculated splitting between che Ga- 
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l-x zx 


WAVE NUMBER X ' 1 (cm* 1 ) 


0 IOO 200 300 



1_!_ ± _1_L. 

0 10 20 30 40 


ENERGY Tift ( meV ) 

Pig. 1. Calculated densities of phonon states 
for (CaSb)i_ x G*i x alloys, assuming the phase- 
transition model' (7} with an order parameter M 
(solid lines). The dashed line is the average of 
the GaSb and Ge densities of states. Various 
peaks are associated with specific bonds. 

Ge and Ge-Ge spectral features is *7cm“l [12]. 
Using the calculated splitting and the known LO 
mode frequencies in Ge and GaSb [13], we 
find an explanation of the anomalous 
discontinuity in the Ge-like LO-mode position 
(Fig, 2): Roth the Ge-Ge and Ga-Ge vibrations 
coexist within the "Ge-like LO peak" at slightly 
different frequencies (l; in Ge-rlch material the 
Ge-Ge peak is prominent, but in GaSb-rich 
material the Ga-Ce feature dominates the "Ge- 
like LO mode." Hence the discontinuity in the 
plot of the peak position versus x is due to 
switching of the most prominent spectral feature 
from Ga-Ge to Ge-fie. 



GaSb (GaSb) x Ge^ x Ge 


Fig. 2. Peak positions 0 (in cm” 1 ) of the Ge- 
like LO modes versus alloy composition x, after 
Ref. [3] (data points). The parallel lines 
through the data for the LO nodes associated 
with the Ce^Ge and Ga-Ge bonds are separated by 
the- calculated amount, *7 cm -1 [12], with the 
Ga-Ge and Ga-Ge end points fit to the observed 
LO-mode frequencies. 

Another feature of the data [3] is the 
apparent absence of a discernible LO-TO 
splitting (14 ] of the SW) GaSb-like modes for 
X>0.3, although the breadth of the prlnclnal 
spectral features may prevent observation of 
small splittings. Nevertheless, the phase- 
transition model [7] offers a simple explanation 
of this phenomenon: The net average dipole 
moment per unit cell vanishes at the critical 
composition x,»0.3; as a result the LO-TO 
splitting, which in a perfect crystal is 
proportional to the square of ‘.he dipole- moment 
[14,15], likewise vanishes [16]. In Fig. 3 we 
plot the theoretical prediction for the oocic 
mode obtained from the alloy theory of Fig; 1 
(with no long-range forces), shifted slightly 
[17], and split a posteriori by an amount 
proportional to The square of the order 
parameter M [18], to account approximately for 
the charge transfer among Ga, Sb, and Ge accms. 
These simple ideas seen to provide a pleasing 
explanation of the data [13). 

The total width W* of the GaSb-like mode 
Increases as a function of x, with dW'/dx 
changing dlscontlnuously at x-0.3 (3). This is 
symptomatic of a phase transition with x c »0.3: 
for x>x c the distinction between anion and 
cation sites is lost, which is reflected in the 
GaSb-like LO-phoncS’ line width. The continued 
Increase in che apparent width of this broad 
feature as x increases results from the GaSb 
mode merging with the Ge-Sb features of the 
spectrum, as seen in Fig. 1. 

The Ge-like optic mode lies ac high energy and 
is discernible for x>0; hence It does not merge 
with a broad continuum of ocher modes as the 
GaSb-like mod- does. Its width is maximum at 
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0.0 0.1 0.2 0.3 

X 


(GaSb),. x Ge 2x 

Fig. 3, The peek positions fl (in cm -1 ) of che 
Raman lines for che GaSb-like LO and TO modes 
versus alloy composition x. Th« solid line is 
the shifted (17] theory with a Lyddane-Sachs- 
Teller splitting [14] proportional to the square 
of the order parameter of the phase-transition 
theory (13]. 

x*0.3. The total width is due to many different 
modes (including, e.g., modes associated with 
Ge-Ge, Ga-Ga, and Ga-Ga bonds) and reflects the 
disorder in the alloy. Qualitatively this width 
should be a maximum (minimum) when the disorder 
is a maximum (minlnum). Since che entropy is a 
measure of disorder, in Fit. 4 ue compare che 

5 —■—-—=— 1 — 

o 40.0 - 


Phai*.troniition model -i1.2 _• 



X 


(GoSb) (GuShl^Ge*, (Ge) 


Fig. 4, Total Raman line width (in cm - *) 
versus composition x for the Ge-llke LO mode in 
(GaSb)i„,.Ge-> x . Daca are Indicated by circles. 

The solid line is the entropy per site S(x)/k B 
(divided by Boltzmann's constant) evaluated 
using the phase-transition theory (7] and the 
dashed lin>: is the theory for the on-sir-. model, 
which does not allow Sb-Sb or Ga-Ga bonds. The 
right-hand scale is for S(x)/k B . Note chat the 
maximum of S(x) coincides with che maximum line 
width in the ohase-transicion model, but not in 
che on-site nodel. 


entropy of the pha 3 e-cransicion model (for 
x c *0.3) (7) with the Raman' line width. The 
entrooy oer site (in a mean-field approximation) 

is [71s 

S(x)/k B » .[(l-x+M)/2] in[(l-x+M)/2] + x ta x 

+[(1—x—M)/2] An [(l—x—M)/2), 

where M is che order parameter of the transition 
[7] and k B -is. Boltzmann's constant. The 
agreement between the- theory and the data is 
gratifying. 

The peak of ehe entropy at x»0.3 is indicative 
of the order-disorder zincblende-diamond phase 
transition with critical composition x c *0.3. A 
feature of ; this phase-transition model is that 
Sb atoms may occupy nominal cation sites, and 
vice versa — leading to Sb-Sb and Ga-Ga bonds. 
If che Sb atoms are constrained to occupy only 
anion sites and the Ga atoms reside only on 
cation sites (che "oh-site model"), then the 
theory predicts an entrooy chat has a maximum at 
x»0.5 (See Fig. 4)- (10). Thus: the data for the 
total line width are consistent with che phase- 
transition model and inconsistent with the on¬ 
site model. 

This raises the issue of why che data do not 
exhibit prominent spectral features associated 
with Sb-Sb and Ga-Ga bonds (since the 
appreciable number of antlslte Sb and Ga atoms 
predicted by the theory produce such bonds). In 
particular, a strong Sb-Sb peak had been 
expected near 193 cm -1 [3], In fact, the theory 
(Fig. 1) shows chat the Sb-Sb features are weak 
even in the mean-field approximation to the 
phase transition, and they are likely to be 
weaker yet in a theory chat allows for acom-atoo 
correlations (and hence has fewer Sb-Sb bonds 
[19]). Thus Fig. I suggests that Che Sb-Sb bonds 
merely contribute to a relatively broad and 
featureless shoulder of the GaSb-llke LO line, 
rather than produce a prominent peak in che 
spectrum. 

Finally, we note chat che asymmetries of Che 
GaSb-llke and Ge-llke LO lines have been 
reported to have anomalous dependences on 
composition x, with discontinuous derivatives 
(3]• This is symptomatic of che fact that the 
lines are composed of features associated with 
several different modes: Che different modes 
have changing lmoortance in Che overall line as 
x varies, and this manifests Itself as an 
anomalous dependence of Che overall line 
asymmetry on composition. 

In summary, the main features of the Raman 
data for (GaSb)*. x Ge-> x , once thought to be 
mvsterlous and anomalous, are naturally 
attributed to the combined effects of alloy 
fluctuations and an order-disorder zincblende- 
dlamond phase transition (20). 
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X-ray diffraction data, ellipsometry data, Raman-scattering data, and theory combine to provide 
strong evidence of a zinc-blende-diamond order-disorder transition with x c =,0.3 that affects the 
crystal, electronic, and vibrational structures of (GaAs)|_,(Ge ; ) t metastable, substitutional, crys¬ 
talline alloys. It is argued, based on analyses of extended x-ray-absorption fine-structure data for 
(GaSbli^lGej)*, that the number of anion-anion-bonds in these M m -2? v ),_ 1 (Ci v ), l alloys is 
significant, and r-quires a theory that goes beyond the mean-field approximation. 


The proposal 1,2 that long-lived, metastable, substitu¬ 
tional crystalline alloys, 3-3 such as (GaAsl^lGcj),, and 
(GaSbl^tGej)*, exhibit an order-disorder zinc- 
blende-diamond phase transition as a function of alloy 
composition x has stimulated considerable interest and 
discussion 6- " and some controversy. 9- " The original 
proposal was motivated by data for the direct energy 
band gap E 0 (x) of (GaAsl^fGej),, which showed non¬ 
parabolic ^-shaped bowing as a function of x, with the 
minimum of the V at the phase-transition composition 
x f , near xa0.3 (Ref. 2). In this paper we report x-ray 
diffraction data, 4 ellipsometry data, Raman-scattering 
linewidth data, and theory which together demonstrate, 
conclusively, the existence of the predicted order- 
disorder transition and its role in determining the crys¬ 
tal, electronic, and vibrational structures of 
(GaAs^.j^Ge,!* metastable alloys. 

The idea of the phase-transition model 2 is that for 
small x, the alloy (GaAs),_,(Ge : ), is GaAs-like (with 
Ge substitutional “impurities"), retaining the zinc-blende 
crystal structure; but for large x, the alloy is Ge-like 
(with Ga and As substitutional "impurities"), retaining 
the diamond structure. 12 The zinc-blende phase has 
well-defined anion sites occupied almost exclusively by 
As or Ge atoms and cation sites occupied predominantly 
by Ga or Ge. For Ge-rich alloys, however, the 
diamond-structure crystal has Ga atoms occurring on 
both nominal anion and cation sites since, in the limit of 
x near unity, there are too few Ga and As atoms >o force 
the Ga atoms all to align on one "cation" sublattice. A 
pha' '• transition must occur between these limiting ex- 
tret. is, i.e., there must exist an intermediate composi¬ 
tion x f such that for x>x f , the distinction between 
anion and cation sites is lost, the average net dipole mo- 
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ment per unit cell vanishes, and the crystal structure of 
the alloy becomes diamond rather than zinc blende. The 
K-shaped bowing of the direc.-gap data indicates that 
the critical composition is near x f srO.3. 1,2 

The phase-transition model of the alloy, in its first 
form, used only the mean-field approximation, and thus 
the theory contained the well-known problems of that 
approximation. In particular, as shown by Koiller 
el al., 6 mean-field theory, which predicts adequately the 
long-wavelength properties of the (GaAs)|_,(Ge 2 ), al¬ 
loys, is less reliable at short wavelengths or short dis¬ 
tances, and overestimates somewhat the number of an¬ 
tisite defects or As—A... bonds to be expected in 
(GaAs)|_^(Ge 2 ! x . Quantitatively, the calculation of the 
order parameter Mix), which is proportional to the 
average electric dipole moment per unit cell, 2 is not 
correct in either the original mean-field theory or the 
Koiller et al. correlated theory: these mean-field 
theories predict that Mix) varies as (x —x 4 .) ,/2 , rather 
than the currently expected form, M (x j—(x —x c f, with 
P being the critical exponent (/?=}, assuming that x f de¬ 
pends linearly on temperature). 13 In the limit 
x— 0,Mix) is. closer to unity in a correlated theory 6 
than in mean-field theory. Although these difficulties 
may affect some of the detailed quantitative predictions 
of the mean-field theory (as discussed below), the prob¬ 
lems with a mean-field approximation do not affect ei¬ 
ther the qualitative prediction of the zinc- 
blende-diamond phase transition nearx f ~0.3, or many 
of the semiquantitaiive predictions of the long- 
wavelength properties of these alloys. 

One experimental signature of a zinc-blende crystal 
structure which differentiates it qualitatively from a dia¬ 
mond crystal structu.e is the (200) x-ray diffraction spot, 
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which must vanish abruptly .at, ,a zinc-blende-diamond 
phase transition, because then the distinction between 
cation and anion sites vanishes. Thus, if the phase- 
transition model is correct, for these alloys, for x <x c a 
distinctive (200) x-ray spot should be observed, but for 
x >x c such a distinctive spot should beabsent. To veri¬ 
fy the model, samples of (G&As) a _ x (Gc 2 ) x alloy were 
prepared on GaP substrates and measured by x-ray 
diffraction. 4 

(GaAs)i^^(Ge 2 ) x films on undoped semi-insulating 
GaP substrates were ; grown 4 in a multitarget rf sputter¬ 
ing system, the general features of which have been de¬ 
scribed elsewhere. 14,15 The key to growing single-phase 
mctastable alloys (GaAs), .^(Ge,)* is the use of low- 
energy Ar-ion bomba-dment in order to collisionally mix 
the upper one or two atomic layers of the fil ( m during 
growth. (The substrates were kept at 450-550 "C during 
growth.) The detailed sample preparation and growth 
techniques are-discussed in Ref. 16. Electron channeling 
measurements using a JEOL scanning electron micro¬ 
scope verified that the films were single crystals, and film 
compositions were determined to ±0.5 at. % by a JEOL 
electron microprobe referenced to Ge and Ga As -wafers 
as standards, using the magiciv computer program 17 to 
make matrix corrections for fluorescence, absorption, 
and atomic number. The x-ray measurements employed 
a high-precision triple-crystal diffractometer and a 
Rigaku RU-200 rotating anode source operating at 55 
kV and 100 mA, and emitting 0.7093-A Mo ; /fa! radia¬ 
tion. All samples analyzed were (lOO)-oriented single 
crystals. 

In Fig. 1 we show measurements of the x-ray (200! 
spot intensities 7 (2 ooi (appropriately normalized) as func¬ 
tions of alloy composition x'for (GaAs)|_ x (Ge 2 ', meta¬ 
stable alloys (grown on GaP substrates) and for 
(GaSb),_ x (Ge 2 ) x (grown on GaAs). 4,18 These intensities 
drop precipitously at the critical compositions x c and 
vanish for* >x e : the distinction between anion and cat¬ 
ion sites vanishes and the net average electric dipole mo¬ 
ment per unit cell (the order parameter of the phase 
transition) is zero. Similar behavior has been observed 
by other workers in (GaAsl^^iGe^.” Clearly, the x- 
ray diffraction data alone provide unambiguous and 
compelling evidence that the zinc-blende character of 
the crystal structure and atomic geometry disappears 
near x c cs0.4 —ar implied by the zinc-blende-diamond 
order-disorder transition theory and previous interpreta¬ 
tions of the direct-gap data. 1,2 (The slight, difference be¬ 
tween the value x f =0.4 extracted from the x-ray data 
for samples grown on GaP substrates and x c ~0.3 for 
the other measurements of samples on GaAs substrates 
is not significant, because x c -depend.. on the growth con¬ 
ditions.) The experimental data arc also in good qualita¬ 
tive (but not quantitative) agreement with the mean-field 
calculation of the order parameter, also shewn in Fig. 
1 “ 

Ellipsometry data show the effects of- the order- 
disorder transition on the electronic structure. The mea¬ 
sured energy of the £j edge 21 of 'GaAs)|_ x (Ge 2 ) x alloys 
is displayed as a function of x and compared with the 


theory (evaluated in a mean-field generalized virtual- 
crystal approximation 2 ) in Fig. 2. (This edge has been 
resolved'from the £|4-A edge 21 by using Lorentzian 
fitting, with an estimated experimental error of 50 meV.) 
The experimental results show a definite kink near 
.t c =r0.3 t , in good semiquantitative agreement with the 
theory. 22 Such K-shaped bowing of a band gap as a 
function of x in an alloy is a general feature of a phase; 
transition (Refs. 2 and 23), and has been observed for the 
direct band gaps of both (GaAs) t _ ,(Ge 2 ) x (Ref. 1) and 
(GaSb)|_ x (Ge 2 ) x (Ref. 24), with minima near x f =r0.3. 
Both theory 2 and experiment agree that the amount of 
bowing found for £ t (x) should be of the same order of 
magnitude but less than that found for the direct gap. 22 
The data show the £ t bowing to be about half of the £ 0 
bowing. 

The phase transition also manifests itself in the vibra¬ 
tional structure of (GaAs)!_ x (Ge 2 ) x , despite the fact that 
the masses of Ga, As, and Ge atoms are all nearly equal. 
The disorder of the alloy should influence the width of 



FIG. I. The measured normalized diffracted way beam in¬ 
tensity ratios of the (200) x-ray diffraction spots of 
(GaAs) ( _,,(Ge,) x grown on GaP substrates (circles) and 
(GaSb),_ x (Ge : ) x grown on GaAs (100) substrates (triangles in 
inset) vs alloy composition x after Ref. 4. We have R s(/,j w / 
fi400‘ ),iki)A/(>ooi / A*noi)|ii.v> where the alloy is tGaAs)j _ x (Ge-) x 
or (GaSbli.jlGejL and 1I1-V refers to GaAs or GaSb. In all 
cases, the intensities / <2 oo. are measured relative to the (400) 
beam intensities, since only the (200) beam is expected to disap¬ 
pear when the zinc-blende structure vanishes. These J show 
that (GaAs)|.,(Gej), and (GaSb),_.,(Ge;) x undergo phase 
transitions at critical compositions x, (with x r =0.4 and 
x,. ^0.3, respectively) in which the zinc-blende character—the 
distinction between anion and cation sites—is suddenly lost. 
The solid lines are smooth curves through the data, and the 
dashed lines are the mean-field predictions for the dependences 
of the ratios R on the alloy compositions x (assuming that x f is 
0.4 and 0.3, respectively): R =\M(x)/ [A/(x = 0)(l-g..))| : , 
(This formula for R uses atomic form factors for GaSb, GaAs, 
and Ge obtained from Ref. 18 and ignores such corrections as 
Debye-Waller factors. Hence we have g =0.257 and g =0.051, 
respectively.) 
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EFFECTS OF A ZINC-BLENDE-DIAMOND OR^ER-DIFORDER... 



FIG. 2. Measured variation of the E i edge (Ref. 21) of 
(GaAs)|_ x (Ge>), (grown on GaAs substrates) versus alloy com¬ 
position x, compared with the theory. To emphasize the "bow¬ 
ing" we have subtracted a straight line from each of the theory 
(solid line) and the data (points) in order to force the variation 
to be zero for x =0 and x = 1. 


the Raman line, both because the Ge atoms will be po¬ 
larized by Ga and As (activating “forbidden" Raman 
lines and shifting line frequencies) and because the many 
different cluster environments of Ge, Ga, and As should 
give rise to inhomogeneous broadening of the LO and 
TO modes in the alloy, causing them to overlap (they are 
separated by only sal5 cm~' in GaAs). Indeed, the Ra¬ 
man spectra show one prominent broad long-wavelength 
optic line which, for some compositions x, contains two 
discernible peaks (this line was fit using least-squares 
methods to a two-peak model in Ref. 16. Thus, the na¬ 
ture of the alloy disorder should manifest itself in the 
width of. this line: when the disorder is a maximum, we 
expect the-linewidth to be a maximum, due to the con¬ 
tributions from the disorder-activated modes and new al¬ 
loy cluster modes. Thus, roughly speaking, the 
linewidth is a (semiquantitative) measure of the disorder 
or the entropy of the alloy. In Fig. 3 we display the Ra¬ 
man linewidth obtained from (GaAs)|_ x (Ge 2 )., as a func¬ 
tion of x. We,a!so present, for comparison, the calculat¬ 
ed entropy per site Six) of the zinc-blende-diamond 
phase-transition model. 2,25 We find that the entropy 
peaks near x e (=0.3) and has a discontinuous derivative 
with respect to x at x f , features also apparent in the 
data. 26 Thus the vibrational states of the alloy confirm 
both the electronic evidence gleaned from the ellip- 
sometry data and the crystal-structure evidence provided 
by x-ray diffraction: (GaAs)|_ ,(GeO x undergoes a tran¬ 
sition as a function of alloy composition x near x c =0.3. 
Similar results were also obtained for the Ge linewidth 
as a function of composition in the related alloy 
(GaSb),_ x (Ge 2 ) x . 3,27 

The direct-gap data, the x-ray diffraction data, the el- 
lipsometry data, the Raman linewidths, and the theory, 
when taken together, all. provide strong evidence of 
a zinc-blende-to-diamond phase transition in 
(GaAs)|_ x (GeO t , and its effects on the crystal, electron- 



FIG. 3. Measured full width at half maximum (in cm' 1 ) of 
the long-wavelength Ge longitudinal optic Raman line of 
(GaAs)|_j,(Ge 2 ) x vs alloy composition (points, left-hand axis) in 
comparison with the entropy per site Six), divided by 
Boltzmann's constant, as evaluated in the phase-transition 
model (solid line, right-hand axis). 


ic, and Vibrational structures of these alloys. Available 
data for (GaSb) t _ x (Ge 2 ) x , a similar metastable alloy, 
also lend support to the theory. 3,27 

Thus the present theory resolves some of the contro¬ 
versy surroun ling the original phase-transition theory, 2 
by demonstrating that then, .s a phase transition with 
x e =0.3. However, the aspect of the original theory that 
has generated the most controversy 9,11 is the prediction 
that, the alloys (GaAs),_ x (Ge 2 ) x and (GaSb)|_ x (Ge 2 ) x 
should contain numerous antisite defects, that is, As— 
As or Sb—Sb bonds. References 9, 11, and 28 propose 
alternative models of these alloys that do not include the 
“wrong” bonds As—As or Sb—Sb. The model in Ref. 
28 is a percolation model, with a zinc-blende-diamond 
transition composition x. characteristic of a site-diluted 
diamond lattice, x c =0.i72. 29 The Holloway-Davis mod¬ 
el 9 is a modified percolation model, with a calculated x c 
of =0.75. The Kim-Stern model 11 is a “kinetic" extend¬ 
ed cellular-automata model, producing x c s-0.26 for 
growth in the [100] direction andx: c <6.18 for spherical 
growth. We note that only one of these alternative mod¬ 
els, that of Kim and Stern, 11 agrees even qualitatively 
with the x-ray diffraction data of Fig. 1. 

Predictions based on the Kim-Stern model for either 
the ellipsometry data or the Raman linewidth are not 
presently available, but the entropy may be evaluated in 
an on-site model 25 that requires all Ga atoms and Sb 
atoms to remain on their natural sites. This on-site 
model forbids Ga—Ga or Sb—Sb bonds and is, in that 
respect, similar to the Kim-Stern model, but is different 
in that it has no critical composition. The entropy 
determined from the on-site model is in marked 
disagreement with the Raman linewidth data, while the 
entropy from the phase-transition model 3,25 has the same 
general alloy dependence as the observed linewidths. 

Recent extended x-ray-absorption fine-structure (EX- 
AFS) data 10 yield partial information about the atom- 
atom correlations in (GaSb)|_ x (Ge 2 ) x grown on glass. 
The interpretation of these data depends on a number of 
assumptions. We assume first that the alloys are on- 
stoichiometry (that is, there are the same number of Sb 
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atoms as Ca atoms); that the crystal is of good quality 
(that is, that Sb does not phase segregate on the surface 
or along grain boundaries); and that there are no vacan¬ 
cies. 30 We then extract from the data the probabilities 
of forming Ga—Sb. Ge—Sb. and Sb—Sb bonds (for de¬ 
tails, see Appendix A' The results are shown in Fig. 4 
and are compared with- those determined from the 
phase-transition model using mean-field theory [for de¬ 
tails, see Appendix A, and,.in particular, Eqs. (A2)j. In 
making these comparisons, we must know the phase- 
transition composition x e for (GaSb)i_ x (Ge 2 ), grown on 
glass. Since zinc-blende-lattice spots were only seen for 
a sample with x =0.1 (not anayzed using EXAFS), 10 the 
EXAFS data used in generating Fig. 4 appear to be for 
samples that are all in the diamond phase. With that as¬ 
sumption, the extracted Sb—Sb bond probabilities 





FIG. 4. Comparison of mean-field bond probabilities vs 
composition x with those extracted from EXAFS data-(circles) 
(Ref. 10) for (GaSb), jiGe.), grown on glass: (a) Sb—Sb bond 
.probability P S t,„ ih ; <b' Ga—Sb bond probability (c) 

Ge—Sb bond probability ? (ic _ Sh - Solid curves represent the 
theory for x > x, (diamond phase) while dashec curves show 
mean-field results for x < x, (zinc-blende phase; with x r chosen 
to be 0.1,0.2,0.3 ‘long dashes), 0.4, 0.5, and 0 b Note that the 
extracted EXAFS Sb—Sb bond probabilities are meaningful 
only for those samples that are in the diamond phase. For de¬ 
tails, see the text and Appendix A. 


At>—st>. shown as circles in Fig. 4(a), are all between 5% 
and 7%. This result is qualitatively consistent with the 
idea from the original phase-transition theory 3 that 
P sb—sb is nonzero jl and implicitly contradicts jhe cen¬ 
tral assumption of the Kim-Stern model, that P Sb _ Sb * s 
zero. Now compare the Ga—Sb bond probabilities 
determined from the EXAFS data [denoted circles in 
Fig. 4(b)] with the results from the phase-transition mod¬ 
el using mean-field theory 3 [solid line (diamond phase) 
and dashed lines (ziric-biende phase) in Fig. 4(b), with x c 
chosen between 0.1 and 0.6]. Qualitative agreement with 
the theoretical result is obtained for x ( chosen»to be 
larger than 0.1, and of the order of that observed in Fig. 
1 for (GaSb) t _,(Ge 2 ), grown on GaAs: x c =0.3 [long 
dashed lines in Fig.-4(b)]. If the phase-transition compo¬ 
sition of (G-tSb),(Ge 2 ) Jt is indeed x c =r0i3, then only 
the extracted bond probabilities for Sb—Sb with x >0.3 
are reliable in Fig. 4(a) (see Appendix A). In either case, 
it appears that Sb—Sb bonds do occur with non- 
negligible probabilities (5-7 %) for compositions x near 
6.5. 

Further EXAFS measurements of the Sb edge would 
clarify this issue by directly revealing the number of 
Sb—Sb bonds. It would be desirable if these measure¬ 
ments were~made cm samples for which x-ray diffraction 
data exist, of the quality of Fig. 1, e.g., the single-crystal 
samples of (GaSbli.^Ge,)., grown on GaAs. 

Thus the phase-transition model, evaluated in a 
mean-field approximation, provides a rather satisfactory 
description of the long-wavelength properties of 
(GaA..)|_ x (Ge J ) Jl and (GaSbl^tGe,),. As expected, 
the mean-field approximation does not provide a satis¬ 
factory quantitative description of short-wavele;.gth 
atomic correlations, as determined by EXAFS; and a 
theory that correctly predicts that number of "wrong" 
anion-anion bonds is needed. 
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APPENDIX 

Here we derive the formulas used ,n extracting bond 
probabilities from the EXAFS data. 10 

Denote the probabilities ‘.hat atoms f ar.d j occupy 
cation or anion sites to be P and P\ respectively, wher- 
i,j take on the values Ga, vie, and Cb. Similarly, let P„ 
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be the oriented-pair probability that an atom i on a cat¬ 
ion site is bonded to an atom j on an anion site. Note, 
P,j -PfPf+Yij, where Yij is the 1 difference between a 
mean-field theory (y//=0) and a correlated; theory 
(y ;/ 9 tO). J1 The oriented-pair probability P,, is different 
than the pfol^'lity p tj of forming a bond between 
atoms / and j: 

Pij=Pi]+P,i if/#; 

=P,j if i =j . (Al) 

In mean-field theory we find 

^Ga-sb = (< : -*) 2 +M J ]/2 for x <x e 


f’Ge-Ga + / > Ga-Sb +/ > Oa-Ge + /’sb-Sb +F Sb _ 0e 

+ ^Ge-.Ge = l • (A6) 

The normalizations for the oriented-pair probabilities are 
thus more restrictive than those for the bond probabili¬ 
ties: Three probabilities enter Eqs. (A2) and (A3), versus 
six in Eq. (A5)i 

The EXAFS measurements 10 determine the numbers 
of Sb neighbors of Ga and Ge, which we denote here as 
the functions A(x) and B(x), respectively. These func¬ 
tions are related to the bond probabilities by 

A (x)=4?c Jt —sb/( l - *) (A7) 


=(l-x) J /2 forx>x c , 
Pct-ae-Psb-Ct =x (!-•«). 

P Sb—Sb ~/*Ga—Ga = i —X)*—M*\/A forx <X f 

=(l-x) : /4 for x >x f , 


(A2) 


and 


Pc'-ct^* 1 • 

Now, assuming that all sites are occupied (there are no 
vacancies), we have the following relationship between 
the; oriented-pair probabilities and the on-site probabili¬ 
ties: 


and 

B(x)=4P Sb _ 0e /2x . (AS) 

Since zinc-blende-lattice spots were not observed in x- 
ray diffraction 10 (with the exception of a sample with 
x =s 0.1 that was not analyzed using EXAFS), we as¬ 
sume, for the moment, that all samples were in the dia¬ 
mond phase. This implies then that 

Pij=Pj, (x>x c ), (A9) 

allowing us to extract both oriented-pair probabilities as 
well as pair probabilities from the EXAFS measure¬ 
ments: 


2 Pii-Pf 

i 

and 


2 p ij = p f > 


(A3) /“Gt—Sb—2 ?g»—S b == 2F Sb _o,=s( 1—x)/l (x)/4 , (A10) 

P Ge— Sb * 2P Ge— Sb “ 2P Sb— Ge = xp (X ) /2 , (All) 

and, using Eq. (A3), 

(A4) 

Psb-Sb~P Sb-Sb=( 1 -X )/2-P Gl _ Sb — P Ge _ sb . 


where 

2P f c =2P;=l . (A5) 

i i 

Similarly, the bond probabilities obey the normalization 
rule: 


(A 12) 

These extracted probabilities are plotted in Fig. 4 along 
with the results from mean-field theory, Eqs. (A2). Note 
that Psb^jb * s decidedly nonzero and that all the ex¬ 
tracted bond probabilities are of the same order of mag¬ 
nitude as the mean-field c results. 
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tronic structure and extrapolated empirical tight-binding theory for InN. 
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I. INTRODUCTION 

InN has recently been observed to have both a high 
mobility (4x 10 3 cm 2 /V sec, Ref. 1) and a band gap in the 
visible region 2 (orange, about 2 eV). leading to the sugges¬ 
tion that In,_ x Ga x N alloys may be fabricated into detec¬ 
tors, lasers, and light emitters in the visible and ultravio¬ 
let portion of the electromagnetic spectrum. 3,4 While the 
band gap of GaN lies in the ultraviolet, region and its 
energy-band structure has been thoroughly studied, 5,6 the 
band structure of InN is not well understood—having 
been investigated only recently, with conflicting re¬ 
sults. 1,2,7,8 

Calculations of the InN band structure based on 
empirical pseudopotential theory 1,2 have produced a fun¬ 
damental band gap that, by construction, equals the ob¬ 
served value of 2 eV, To our knowledge, the only elec¬ 
tronic structure theory for InN with any proven ability to 
actually predict the band gap is an extrapolated empirical 
tight binding theory: 7 Tight-binding parameters deter¬ 
mined by fitting the known band gaps of other III-V 
semiconductors have been used to extrapolate the corre¬ 
sponding parameters for InN and to successfully predict 
its 2-eV band gap. Tight-binding theor-. while predicting 
a good band gap, produces valence bands that are quite 
narrow in comparison with the valence bands of empiri¬ 
cal pseudopotential theory. These conflicting features of 
the published band structures suggest that more theoreti¬ 
cal and experimental work on InN is needed. Thus a 
genuine first-principles theory of the band structure of 
InN is called for. 

In this paper we present the band structure of InN, as 
calculated using the pscudofunction method 0 — a first- 
principles, self-consistent scheme based on the local- 
density approximation. Our results differ in detail both 
from previous empirical pseudo-'- uential theory 2 and 
from tight-binding theory, 7 and indicate the need for 
measurements such as photoeinission to resolve remain¬ 
ing controversies concerning the electronic structure of 
InN. 


II. METHOD 

We employ the pseud ^function method, which is a 
scheme for solving the one-electron Schrodinger equation 
self-consistently in a local-density approximation. Ex¬ 
change and correlation are simulated by the Hedin- 
Lundquist potential. 10 Unlike many imriementations of 
local-density theory, the pseudofunction method uses a 
real-space scheme for describing local bending and is 
especially well suited for studying non-free-electron sys¬ 
tems. For low-atomic-number atoms such as N, it should 
be more rapidly convergent than schemes that rely on the 
plane-wave character of the solid-state ways functions be¬ 
cause this character generally results from the ortho¬ 
gonality of the wave functions to many core wave 
functions—and the low-atomic-r.umber atoms have too 
few core states to effectively produce tit: free-electron 
character neces c »r.v for rapid convergence in k space. 11 

The pseudofunction method 1j.«s tlements in common 
with the linearized muffin-tin orbital (LMTO) method 12 
and the extended muffin-tin orbital (EMTO 1 scheme, 1- ' 
and can be regarded as a local-den-tty-approximation 
scheme involving a more general basis set than either the 
LMTO or EMTO ba-.es. As such, it is. at least in princi¬ 
ple, an improvement over those implementations of 
local-density theory. In princi, .e. the i.'MTO method is 
an improvement of the LMTO method, because it in¬ 
volves a more extensive basis set. Similarly the imple¬ 
ment of the pscudofunction scheme over the EMTO 
method lies in tiie fact that its basis orbitals have not 
been subjected to muffin-tin boundary conditions 'the ra¬ 
dial logarithmic derivatives of localized muffin-tin orbit¬ 
als are, by construction, always negative it the muffin-tin 
radius). 

The pseudofunctioi. method produces (as expected) 
rather good electron energy bands and bond lengths— 
results comparable with those of the best local-density 
methods. For example, the pseudofunction valence 
bands of bulk Si agree with those computed using the 
linearized augmented-plane-wav. iLAPWl scheme 14 to 
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within typically a few tenths of an eV. The computed 
Si—Si bond length is 2.34 A at low temperature, in excel¬ 
lent agreement with the data. The bulk electronic struc¬ 
ture of AiN (a material similar to InN) predicted by the 
pseudofunction method agrees with photoemission 
data. lf The Sid 11)2x1 surface states of pseudofunction 
theory"’ also agree with those obtained using a norm- 
conserving pseudopotential. 17 Pseudofunction calcula¬ 
tions for a potassium overlayer on the Si(001)2x 1 surface 
found a bond length of 3.3 A, compared with the exper¬ 
imental value of 3.i4±0.1 A (Ref. 19) and the value 2.59 
A obtained using a norm-conserving pseudopotential 
scheme. 70 Moreover, the pseudofunction method has 
been shown to work well even for problems involving ad¬ 
sorbates of atoms such as C and O, 21 which occupy the 
same row of the Periodic Table as N. The method is also 
computationally fast compared with most others, and has 
been used to compute some very complicated eisctronic 
structures (using local-density theory): for example, the 
electro tic structure of solids such as pyrochlore, with 22 
atoms per unit cell." Details of the method are available 
in the literature.^ 

III. RESULTS 

Our predicted band structure is given in Fig. 1, and 
should be compared with tight-binding theory 7 (Fig. 2). 
An empirical pseudopotential band structure of InN has 
also been reported, 1,2 but will not be treated here because, 
as discussed previously, 4,25 the tight-binding theory is 
definitely superior. Our calculations assume the wurtzite 
crystal structure. 24 

The major qualitative features of our bands are similar 
to (hose of tight-binding theory; there are only a few 
significant quantitative differences, (i) We find small 
splittings at the zone center that are absent from tight- 
binding theory due to the fact that we used the observed 



FIG. !. Predicted bund structure of wurtzite InN using-thc 
.pseudofunction method. The symmetry points ofnhe.Brilloum 
zone, are .-I =t2-/cK0.0,l/23„ 1 = (2-/a)tl/v 3,(U/2c.\ 
A/.M2-/aJ(l/v3.0.01, T=(0.0,0i, .-//=t2-/«H1/v 3.1/3. 
a /2c), and K = (2rr /«)(I /v 3, 1 /3.0l. 



FIG. 2. Predicted band structure of wurtzite InN using the 
tight-binding method, after Ref. 7. 


lattice constants c and a which have c/a = 1.6114, 
whereas the empirical tight-binding theory assumed an 
ideal c/a ratio of (4) |/2 = 1.6330. (ii) We find a direct 
fundamental band gap of 1.3 cV, compared with the 2-eV 
result of tight-binding theory 7 and experiment. 2 This is a 
well-known limitation of local-density theory: it pro¬ 
duces gaps that are too small 25 —a problem that can be 
circumvented, but only with great difficulty. 2 ’’ <ii:> Our 
upper valence-band width is-considerably wider thatnthe 
tight-binding width: 6.8 eV versus 3.5 eV. Here there i. 
no unambiguous theoretical criterion determining which 
theory is better: practitioners of both local-density 
theory and empirical tight-binding theory would each ar¬ 
gue that their preferred type of theory is more likely to 
produce realistic electronic structures. In the case of 
AIN, the local-density 15,27 and tight-binding 2 * theories 
gave bandwidths comparable with each oilier and with 
data. 27,211 This makes the discrepancy between the 
theories for InN particularly ..iteresting. The issue of the 
correct valence-band width must be determined experi¬ 
mentally. Nevertheless, we suspect that the tight-binding 
bands are narrower than the local-density bands because 
the off-diagonal tight-binding matrix .dements may be un¬ 
duly small. These matrix elements are extrapolated from 
the corresponding matrix elements of other zinc-blend’** 
semiconductors, assuming that they scale inversely as th)i 
square of the bond length. Harrison's rule/ 0 However, 
Harrison's rule is best applied to interpolate rather than 
extrapolate: it is known to be crude; and extrapolations 
based on it may not be trustworthy, especially for InN, 

■ with its large-radius cation and small anion, tiv) The 
valence-band effective masses are 1.6 and 1.7 free- 
electron masses tin the directions perpendicular to and 
parallel to the c axis, respectively) in the present model, 
compared with 2.7 and 2.7 for tight-bi tding theory. The 
corresponding conduction-band masses are 0.34 and 0.37 
for the present work and 0.59 and 0.59 for tight-binding 
theory. The tight-binding masses are heavier by about 
7OTz. reflecting the flatter bands. This i> just another 
manifestation of the (likely) flat-band p-oblcm of the 
tight-binding theory. Assuming these masses and a static 
dielectric constant of 8.3/ 1 we obtain shallow donor and 
acceptor binding energies' 2 of 0.067 and 0.3 lo eV in a hy¬ 
drogenie 'Rydberg effective-mass) model * versus 0.118 
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and 0.533 eV in tight-binding theory— .vhich often ob¬ 
tains masses 100*7 it. error). The observed binding ener¬ 
gies of neutral substitution:’.! donors and acceptors in InN 
are -0.05 eV (Ref. 33) and -0.20 eV,'*" u respectively— 
generally consistent with either theory, but generally 
more supportive of the present local-density theory. 

IV. SUMMARY 

A major difference between the tight-binding and pseu¬ 
dofunction band structures is the width of the upper 
valence.band, which is large in local-density theory but 


small in tight-binding theory. Which, if either, theory is 
correct can be determined w photoemission experiments. 
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the band edge.. See Ref. 4. 


PHYSICS Of OEKP LEVELS 


john o. now 

Department of Phvslcs, University of Notre Dame 
.Notre Dame, Indiana 44588 U.S.A. 


AHSTgACT 

The physics of deep levels is reviewed, with enphssis on die Qualitative 
physics choc has hcen elucidated a* a result of the Ideas ai I.anooo, LengUrt, 
Hlalmarson, Vogl, Wotford, H*u, Sankev, Allen, and others. 


INTRODUCTION 

tn this panvr we outline the physics of deep Impurity levels in 
semiconductors, and show that the simple Hjatoarson et al. model of deep 
levels (ll can euantlcacively predict the uav^functions of substitutional 
sp’-bonded deep impurities and explore the chemical trends of deep levels. We 
show that the Hjalmarson theurv, when compared with data, (l) can determine 
the site (anion or cation) and symmetry (s-llke A| or p-llke T-,) of a defect, 
(11) can elimlnece typically 80? or more of the candidates for forming thet 
defect, (lit) can successfully predict how the energy of the deep level varies 
from one impurity to another and from one host to another, and (iv) can 
predict unexpected phenomena caused by the deep level. We point out thet it is 
very difficult to guess from theory and measured enirgy levels alone if the 
defects responsible for the observed levels are point defects or complexes. We 
emphasise that all of the best contemporary theories of deep levels are 
uncertain by .a few tenths -of an eV, and therefore it is not practical to 
determine which- Impurity is causing a given level by aligning the theoretical 
and experimental- levels; (n our opinion this theoretical uncertainty is not 
likely to he greatly reduced soon. Mnaltv we show thet the mein differences 
between the Hjalmarson theory end various other theories (2,1) are (i) how the 
host hand gaps are determined and (il) computational coats: The Hjalmarson 
theory is based on the Vogl et al. empirical tight-binding Hamiltonian (41, 
and so fits the hand gaps to data, while self-consistent pseudoootentlal and 
other theories calculate the host hand gaos a. priori , and then perform some 
adjustment. As a result, the self-consistent pseudopottncUl theories reeuire 
orders of magnitude more computational effort to obtain comparably accurate 
deep levels; hut these theories cen prtdlc: total energies better than the 
Hjalmarson theory. Therefore, to understand the physics of deep levels, 
especially for cbnnlex defects, the simple Hjelmerson theory is preferable; 
while tho self-consistent pseudopotential theories are better equipped to 
handte questions related to the total energies of defects, such as diffusion. 

To begin-the discussion of desp levels, we first make two important (and 
apparently i-plf-concradlccory) points: (i) Most deep levels are not deep; and 
(ti) Most deep impurity wavefunetlons do not depend much on the impurity. 


MOST DEEP LEY'.LS ARE NOT DEEP 

Several- years ago the definition of a deep level was based on its energy: 
a level tn-'Vhe fundamental hand gap more then 0,1 eV dista"t from the nearest 
host bend e'go. In our discussions, we follow “Jalmaraon (ll and use the term 
"deep” to lescrihe localisation: a level that is produced by the central-cell 
potential of; the defect. Therefore, e "deep level" can lie above Che 
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conduction band edge; and noc be "deep" by che old definition. Stated 
precisely, mosc defect levels that are "deep" bv the new localization 
definition are not In the hand gap, and so have "negative binding energies" 
and are not "deep'' by Che energy criterion. 

An essential point Is that every lieterovalent substltuclonal sp^-bonded 
defect muse have boch deep levels (due to the central-ceU potential) and 
shallow levels (due to the Jong-ranged Coulomb potential associated with the 
valence difference Z: -Ze~/cr')., Many readers will he astounded to learn that 
common shallow Impurities, sucH a» S o.n a P! . site In GaP have enormous 
central-cell defect potentials, * -5 eV deep, and yet these potentials appear 
co produce effects on only the 10 meV scale of topical shallow donor levels. 
(A good order of magnitude estlmace of the central-cell potential Is given bv 
the difference In the atomic energies of S and ? '(4J.) Clearly these large 
potentials must have effects on the eV scale — and they do: The local sp^ 
bonding of the Imnurltv Is perturbed bv the defect, producing different 
energies for the four tetrahedral bonds, namely four deep levels near the 
fundamental hand gap. Three are prltke (of T-j symmetry and degenerate In a 
tetrahedral environment! and one Is s-Uke (Aj symmetry). These deep levels 
due to the central-cell potential always exist near the fundamental hand gap 
In addition to any shallow levels. (See Pig. 11) .0 

If one or more of those deep levels falls well within the fundamental 
hand gao, then the impurity Is termed a "doen Impurity'* and the level Is 
"deep" hy the energy definition (Pig. (1(). If none of these deep levels of a 
heterovalent Impurity Uus within the gan, the Impurity Is termed a "shallow 
lmpurltv" because only Its shallow levels are- in the gap. However, the deep 
levels stilt exist, although- Cltev are resonant with and broadened hv the host 
bands (Fig. (l|), c or most semiconductors, which, have smalt (*! eV) band gnus 
on the *2<l eV scato over which the spectral strength of the sp^ bond Is 
distributed, the majority of defects produce mors resonant deep levels than 
deep levels In the gap. Thus most deep levels (by the localization definition) 
arc not deep energetically, 

Evidence supporting this picture Is- provided hy the work of Wolford et 
at, (51 and Hsu et al. (6| on », 0, and S Impurities on a P-sice In GaASj.^ 
alloys ( c lg. (2}). In fia a , the N Impurity, produce a level energetically 
shallower chan the shallow level of S. As a function of decreasing alloy 
composition x, however, the it level becomes deep and behaves like Che deep 0 
level, hut noc like the shallow 5 level. In fact, the N level becomes 
energetically deep for x*.1.5, only to enter the conduction hand foe x*0.2. 
This behavior led Wolford et al. to conclude that S Is In fact a deep level In 
a localization sense for all x, but Ites outside the fundamental hand gap, 
above the conduction hand edge In GaAs. 

Further confirmation of this picture has been supplied for ? In Sl x Ge,. x 
allovs, where hunker et al, (7,S) have provided experimental evidence that the 
deep level associated with ? descends into the fundamental band gap near 
x>0.l5. (5ee Fig. Ml.) 


WAVKFIINCT10NS IHnKHENDKN'f .V IMPIIKITY 

A rather surprising feature of nsnv deep level wavefunecions Is that for 
Impurities at the same sice (anion or cation) with chn samo svmmetrv In the 
same semiconductor, most defects with deep levels In the gan produce virtually 
the same deep level wavefunctlon. This Is demonstrated in Fig. (-1, where the 
A|-symmetrlc wavefunettons of S, Se, and Te deep levels In St, as determined 
hy magnetic resonance (*)) and by theory (ml are plotted versus the associated 
deep level energy F. In the gan. The data alonu show that the central-cell 
wavefunettons of S, Se, and To are virtually the sane; and the theory shows 
chat the central-cell and first-neighbor wavefunettons are In agreement with 
the data and almost Independent of either the deep level energy or the defect. 
Thus the deep-level wavefunettons are host-like, not Importty-1Ike (I). 
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The host-llke character of deen-level wavefunctlons could have been 
deduced from the experimental fact that impurities with atomic energies 
different bv eV all produce deep levels In the gap that differ bv an order of 
magnitude less, *0.1 eV. Clearly the deep levels In the gap are not 
imouricy-like. 

A schematic illustration of the physics of deep levels, for the case of X 
on a P site in GaP, is given In Figs. (51 and (6). V is more electronegative 
than p and so attracts more electronic charge to its bonding level (Fig. (51), 
causing the antihondlng level, bv orthogonality, to have verv little charge on 
the N'-slte and a host-like Ca-llke wavefunction. tn terns of energy levels 
(Fig, (61), the host Ga and P atomic levels exhibit a bonding-antlbondtng 
splitting of order , where v is a Ga-P transfer matrix etement. V 
coupled to surrounding Ga'exhibits a smaller hondlng-antihonding splitting, 
v/(e c -«,,), because the energy denominator is *7 eV larger (v is almost the 
same tor' Ga-N and Ga-P [IIP. The b’-llke level Is the bonding "hyperdeep” 
level that lies below the valence hand, is electrically Inactive, and is not 
observed. The deep level In the gao Is host-like (Ca-llke) and antihondlng in 
character. If we change the defect from ? (V»0) to S (V* -5 eV) to X 
(V» -7 eV) to 0 (V* -15 eV) to a vacancy (V* -»!(2|), the deep level does not 
change Us energy much (although the hvperdeen level does). As a result, a 
plot of deep level energv E versus crntral-cell defect strength V (or versus 
Impurity atomic energy) looks like a parabola with the asymptote being the Ca 
dangling bond energy or pinning energy of Hjalmarson (l). (See Fig. (71.) 

For different sites (anion or cation) and symmetries (Aj or To) the 
asymptotes lie at different energies, hut several different impurities when on 
the same site all produce deep levels of a given symmetry within a few tenths 
of an eV of the pinning energy. Since the theoretical accuracy Is also a few 
tenths of an eV, theory can determine the site wd symmetry an observed 
level, and can eliminate from consideration those impurities that lie more 
than O.S eV fro-- the observed level, hut It cannot definitively assign a level 
to a' sneclf.l? inpuritv. Such an aoproach-Identified oxygen-and the antislte 
defect As R j< as candidates for the defect F.t.2 (121. Moreover, because of the 
host-llke nature of doen level wavefunctlons, most electronic probes cannot he 
of much assistance in defect identification -- probes thee coupte to the 
nucleus, such as F. - «nOR (91, or to the core electrons, sue! as SXAFS (13|, are 
needed for unambiguous Identification of defects. 


COMPLEXES OF DEFECTS 

An Interesting and verv useful feature of the eheorv of doen levels as 
annlled to defect complexes Is that the lev snectrum nf a complex Is very 
nearly the sum of the spectra of the complex's constituents. This rule of 
thumb obtained bv Sankev Il4| is not rigorous but Is sufficiently valid that 
to many casea (l) it Is virtually Impossible to determine from energy levels 
alone whether the responsible defects are Isolated or complexed, and (li) when 
trying to identify defects responsible for speclftc deep levels It is often an 
adenuate approximation to consider only point defects, while recalling that 
the point defects so Identified might be complexed. 

To see why eomplexlng does not alter deep levels much, consider two 
nearest-neighbor sp 3 -bonded impurities and their deep levels. The resulting 
"diatomic molecule" (Fig. (81) will have (l) the a-Uke (aj) states formed 
from the s-llke (A.) states of the Individual "stoms" and from the p-llke (To) 
states polarised along the spine of the molecule; and (Ui the it-liSe 
(e-symmetrlc) states derived from the levels that are polarized 
perpendicular to the spine of the molecule. The'i-lle states do not "feel" the 
spine of the molecule and so have energies virtually Identical to those of the 
constlt'it«nt defects. The .—like states (to a good approximation) occur at 
energies t’.at interlace the A, and To levels of the constItutent defects, 
because these levels are often within several tenths of an eV of one another, 
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Fig. (7|, r 0e<.ut energy levels predicted in (lj versus defect potential for 
the Impurties at the con of the Figure for Aj-symmetrlc deen levels of 
substitutional defects on the P-site of GaP. Note that the curve apnroaehes an 
asymptote. 
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the resulting o-llke level structure will he similar to that of the 
constituent defects to within a few tenths of in eV. 


SCHOTTiOf BARRIERS 

These Ideas about coraplexing are especially useful for discussing 
Schottky barrier formation due to native defects In semiconductors, because 
they greatly reduce the number of native defects that must be considered. A 
defect at a semiconductor surface will have four deep levels. Near the 
fundamental banc gap the n-like T, levels will not be degenerate, but wtll he 
split by the reduced symmetry of the surface. The surface-induced shift of the 
hulk Aj level and splitting of the ~2 level will he of order 0.5 eV, and can 
cause a resonant level to descend Into the gap. Thus an impurity that Is 
shallow in the bulk may he deep at the surface, with levels In the gap. 

In general, surface defect deep level spectra may be several tenths of an 
eV different from hulk deep levels of the same lnuurltv. They will he similar 
to the spectra of hulk defect-vacancv pairs,; however (because the surface is 
effectively a sheet of "vacancies": an Impurity at a surface is surrounded by 
three host atoms and one "vacancy," with the other "vacancies" more distant). 
In anv case, Allen (15) has extended the Ideas of Hjalnarson, Vogl, and Sankey 
to treat deep levels of surface defects, following pioneering work by Daw, 
Smith, Swarts, and Mcfilll |!6). 

Bardeen 117) and Spicer (IS! recognized (i) that the lowest empty deep 
level of a neutral surface defect Is effectively the Fermi-energy for 
electrons at the surface, and (ID that, In electronic enullthrlum, the Fermi 
energies of the hulk semiconductor, hulk metal, and semiconductor surface must 
all align for a semlconductor/metal contact. As a result the hands bend, 
forming a Schottky harrier, in order to accommodate this alignment. The 
Schottky barrier height Is the energv of the conduction hand-edge with respect 
to the lowest empty surface deep level (Fig. (9)). 

In Fig. (10) we show the resulting predictions of Schottky harrier height 
versus allov composition for III—V semiconductor allovs, assuming chat the 
surface defect responsl ie for Schottky barrier formation is the cation on 
anlon-slte native antisite defect (19). The agreement with the data Is better 
than the accuracy of the theory. 

This theory not only exnlalns Schottky barrier formation In lII—V alloys, 
It also explains the apparent dependence of barrier height on metal reactivity 
{20,2M, the Schottky barriers formed when transition metals are deposited on 
SI (22), On, and diamond, and numerous onee-rur.r.'.tng features of Che Schottky 
barrier data |20). 


THE THEORY 

The theory of deep levels (1) Is a one-electron theory, for a host 
Hamiltonian operator Hq with a defect perturbation operator V. Tne secular 
eouatlon is 


dec. II - (E-H n )'' V) . 0 


or 


( 1 ) 


det 11 - HV (E-E*)* 1 i(Z ‘-• 0 


( 2 ) 


All current theories solve such an equation for the deep level E. Different 












so 


theories treat the spectral density operacor 6(E'-H n ) and the defect potential 
operator V differently. The sign of the contribution of the spectral density 
to the Integral in Eo. (2) is different If E' Is in the conduction band or 
valence hand: the conduction band' states push the deep level down and the 
valence hand states renel it upward — the halance between these opposing 
forces determines 5. For a theory~of deep levels to he successful this balance 
must he correct. All theories represent valence hand states well; thus che 
issue is the position of the host hand pan and spectral distribution of the 
host conduction hand states. Mjalmarson solved this problem hy using the 
emplricsl tight-binding model of Vogl et at. 14) far H n . This model, hy 
construction, has the correct hand gap and a spectral distribution that Rives 
good deep levels, bocal-density theories calculate the hand gap, invarlahly 
find it to he in error by typically AOS, and then adjust either the gap or the 
nseudopotential in an ad hoc wanner. The resulting theories have eomparahle 
validity to the Mjalmarson cheorv for deep level spectra, but if the 
pseudopotentlal theory is based on a local density approximation, it should 
have superior predictions for total energies. Thus, when we compute deep level 
spectra, especially for complex defects, we use the Hjalmarson theory; hut for 
diffusion and total energy calculations we recommend a local density approach. 

The Mjalmarson theory is eapy to evaluate, and pedagogical discussions of 
how to do so are available (23). 


Me are grateful to the office of Naval Research for their continuing 
support (Contract Mo. NOOOI4-94-K-D352) and to our manv colleagues who have 
provided the Ideas discussed here. 
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We review a theory of Schottky barriers that explains the following experimental findings: 
(i) observed barrier heights and Fermi-level pinning positions for GaAs. InP. GaSb. AlAs, GaP. 
InAs. and otherIII-V semiconductors: (ii) switching of the observed barrier heights and Fermi- 
level pinning positions for Ilf—V semiconductors as a function of surface treatment or reactivity 
of the metal; fiii) alloy dependence of Schottky barrier heights for the ternaries AI..,Ga,As. 
GaAs,.,P,. Ga,_,ln,P. InP,.,As,, and ln t .,Ga,As: (iv) different slope;. d£/d.v for different 
metal contacts to AIGaAs. and an apparcnt^cusp in-the slope for Al contacts as a function of 
alloy composition; (v) observed Schottky barriers for a wide variety of Si/transition-metal-sili.cide 
interfaces; (vl) observed-barriers for Ge. diamond, and amorphous Si: fvii) observation that 
Fermi-level pinning for p-GaAs disappears at the annealing temperature of the antisite defect 
ASfl,. The theory provides a microscopic realization of the phenomenological defect model of 
Spicer. Lindau and coworkers. We find that most Schottky barriers are explained by dangling 
bonds - intrinsic dangling bonds for group IV semiconductors and antisite (as well as intrinsic) 
dangling bonds for III—V semiconductors. Ohmic contacts are explained in the present picture 
by shallow levels, which are also predicted by the theory. 


Ohm's law usually fails to hold at a semiconductor/metal interface. In* 
stead, the current density J is observed to depend exponentially on the ap* 
plied voltage V. Observations of this phenomenon extend back more than a 
century, hut the underlying microscopic causes are still controversial. Pro¬ 
posed theoretical interpretations include the following: 

(1) Schottky's original model...in which equilibration of chemical potentials 
of semiconductor and metal -requires charge transfer, resulting in an electro* 
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static dipole layerat the intertace and a barrier to the motion of electrons. 

(2) . tBardeen's Fermi-level.pinning model,>[1] : in which; “surface states'* of 
some kind result in a barrier that is nearly independent oftthe metal.for a given 
semiconductor. Fermi-level pinning can be. produced by intrinsic sur¬ 
face states, metal-induced gap states [2]. and extrinsic states associated with 
various kinds of defects. (One expects.of-courso. that the '-urrier height will 
vary with the riietal in the case of metal-induced gap states or metal-atom impur¬ 
ity states.) 

(3) The defect model of Spicer. Lindau and coworkers [3-5]. in which the 
Fermi-level pinning is produced by native defects of some kind, associated 
with missing anion or cation atoms in III—V semiconductors. 

Here we review a theory of-Schottky barriers and Ohtnic contacts that is 
based on Fermi-level pinning and the defect model, in which observed barrier 
heights and Fermi-level pinning positions are assigned to particular defects 
[6-15]. 

The electron Schottky barrier height is the difference between the conduc¬ 
tion band edge and the Fermi energy at the semiconductor surface: 

?S - - El 

Within the context of the defect model, therefore, a microscopic theory of 
Schottky barriers is a theory of the relevant defect levels that "pin“ the Fermi 
energy at the surface. For a sufficiently high concentration of defects, the sur¬ 
face Fermi energy will lie near the lowest acceptor level for an n-type semi¬ 
conductor, or the highest donor level for a p-type semiconductor. (Further 
discussion is given in. e.g.. refs. [6-14].) 

In fig. 1, we show our calculated results for the defect levels associated with 
antisite defects and vacancies at the (110) surfaces of nine III—V semiconduc¬ 
tors. Many of these levels have been previously reported [6-14]. They were 
calculated using the same scheme applied to bulk defects by Vogl. Hjalmar- 
son and Dow [16.17], employing the measured surface relaxation [IS.19]. In 
the following, we will compare the theoretical results of fig. 1 with the avail¬ 
able observations for Schottky barriers. Fermi-level pinning, and Ohmic con¬ 
tacts on III—V semiconductors. 

It should be emphasized that a variety of arguments is used in making our 
microscopic assignments of the defects responsible. For example, in the case 
of III—V semiconductors, we regard antisite defects as ordinarily more likely 
than vacancies for reasons that have been given elsewhere [6], Also, as men¬ 
tioned below, the variation in barrier height with alloy composition x can act 
as a signature of the detect type. Various experiments provide other valuable 
information concerning the identity of the defects: one example is the obser¬ 
vation of an annealing temperature for the Fermi-level pinning on p-GaAs 
[21]. mentioned below. In short, ourassignments arc based on qualitative ar¬ 
guments. chemical trends, and experimental information r! various kinds, in 
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GoP GoAt GaSb 



AIP AlAs AtSb 


Fig. 1. Deep:levels calculated for amisitc defects and vacancies at (110) surfaces of UI-V 
semiconductors. As indicated for GaAs. the levels are. left to right, for anion-on-eation-site. 
cation-on-anior-site. cation vacancy, and anion vacancy. The occupancy of the levels for the neu¬ 
tral charge state is shown, a full circle indicates thc 'esel contains two electrons (spin up and 
down), a half-full circle one electron, and an open circle no electrons. (Charge-state splittings 
are neglected.) For the !n-V materials at the top., several resonances above the conduction band 
edge are also shown. E v and£c are the-valcnce and conduction band edges. Some of these 
levels have been previously reported (M4|, 
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addition to detailed calculations of the defect levels. 

Fig. 2 shows the experimental levels for Ge on GaAs(llO) obtained by 
Monch and Gant [20—22]. which are approximately the same as those ob¬ 
tained by Spicer. Lindau and coworkers for various metals and oxygen on the 
same surface (3-5). It appears that the acceptor level for the “cleavage-re¬ 
lated" defect, and the acceptor and donor levels for the "chemisorption-re¬ 
lated” defect, are quite satisfactorily explained by the corresponding levels for 
the antisite defects. Ga A< and As Ca . The theoretical acceptor levels for both 
defects are associated with dangling bond orbitals - antisite Ca and As dangl¬ 
ing bonds. The donor level is derived from a bulk As 0a donor level, only 
shifted in energy somewhat at the surface. 

Fig. 3 provides a similar comparison for n-type InP (26). In this case, we 
again invoke antisite In or P dangling bonds to explain the experimental data 
for the noble metals, but intrinsic Ca dangling bonds (associated with a P va¬ 
cancy) to explain the data for the more reactive metals. Various surface treat¬ 
ments are also interpreted as producing intrinsic Ga.dangling bonds, or pos¬ 
sibly surface impurities. The shallow donor level for V P is explained by the 
"deep resonance" for this defect in fig. 1: Two electrons that would lie in this 
conduction band resonance spi-i out into the conduction band. These elec¬ 
trons are then bound to the doubly-charged defect site in shallow donor 
states. »0.1 eV below the conduction band edge. According to ref. [23] how¬ 
ever. reactive metals can also.produce the deeper Fermi energy *«0.5 eV 
below the conduction band edge. 

In fig. 4, we compare the experimental Schottky barrier heights for Au 
contacts to various semiconducting alloys with the theoretical barrier heights 
predicted for antisite cation dangling bonds. (Recall that <pg “ £c ** 
where £ P *» defect level.) The agreement is more than satisfactory. 

In fig. 5. we compare experimental barrier heights for A1 and In contacts to 
Al|_,Ga t As with the theoretical heights predicted for antisite cation and 
anion dangling bonds. (The surface Fermi energy Ej. inferred from pg = £c 
- ££. is plotted.) There appears to be a switching of defects as the alloy com¬ 
position .v is varied, with antisite cation dangling bonds providing a good de¬ 
scription of the data for small x (large slope in d£/dv) and antisite anion 
dangling bonds doing equally well for large .v (small d£/dr). The slope d£/d.v 
thus appears to ;m as a signature of the defect type. 

Other experimental observations also support the defect model and the 
present theory [3-5.20-33]. For example, fig. 6 shows further experimental 
evidence that the Schottky barriers for GuAs are associated with antisite 
defects: Monch and coworkers [21] find that the Fermi-level pinning position 
for Ge on GaAs(llO) anneals out at the annealing temperature of bulk As 0a . 
As mentioned above, the pinning position for Ge on GaAs(l 10) is essentially 
the same as that for various metals on this surface. 

Other proposed mechanisms, such as metal-induced gap states [2.34-42] 
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Fig. 2. Theoretical levels tor surface antisite defects. As on Ga site (Asgj) and Ga on As site 
(Ga*J. compared with experimental levels for "chemisorption-related" defects and "cleavage-re¬ 
lated" defects [5. 20). Open circles indicate theor»jical acceptor levels or experimental Fermi- 
level pinning positions on n-type GaAs: solid circles indicate theoretical donor levels or experi¬ 
mental Fermi-level pinning positions on p-tvpe GaAs. After refs. (6. 9|. 
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Fit f .Theoretical levels for surface antisite defects. In on P site and P on In site Icoincideniully 
close in energy/. compared with experimental Fermi-level pinning positions Ey for the noble metals 
Cu. Ag, and Au on n-type InP (26). As can be seen in fig. I. a surface P vacancy (V,.) produces 
a shallow donor level that can explain the quite different experimental Fermi-level pinning posi¬ 
tion for the reactive metals Ni. Fe. and Al (2ft|. Surface treatments with 0. Cl. S. and Sn also 
arc observed to produce Fermi-level pinning just beneath the conduction banc'edge |26|: such 
treatments may produce surface vacancies (V,.) or surface impurities (S?. Sn in ). In terms of Jangl¬ 
ing bonds, we attribute for me noble metals to ttnihiie dangling bonds and Ey for the more 
reactive metals to intrinsic dangling bonds. After refs. (S'. 9). 
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Fig. 4. Theoretical Schottkv harrier height for cation-on-anion antisitc defects (e.°;<Ga*,) com¬ 
pared with experimental Schottkv barrier height for Au contacts to the alloys Alj.,Ga,As. 
GaAs,_,P ( , Ga,„,In,P. InP|_,As,. and In,.,Ga,As. The sources of the experimental data (dots, 
fitted in ref. (211 by the dashed line), are cited in ref. (10]. The agreement between theory and 
experiment, particularly on the right, is fortuitously good since the theory contains errors of sev. 
eral tenths of an e V. It is clear, however, that the theory does a quite satisfactory job of describ- 
inc the behavior of the measured Schottkv barrier as a function of allbv composition. After ref. 
( 101 - 



Fig. 5. Theoretical deep levels for cation-on-anion-site (C J and anion-on-cation-site lA?) com¬ 
pared with experimental Fermi-level pinning position (£ F ) inferred from Schottkv barrier mea¬ 
surements of Okamoto et al. (53). Here E) is defined by pj) ■ £c - ££. where p|) is the measured 
Schottkv barrier height and £ c is the conduction hand edge. There appears to be a switching of 
defects as a function of alloy composition, with anion-on-cation-site explaining the data for In 
and Al contacts to Ga-rich alloys and cation-on-anion-site explaining the data tor Al-rich alloys. 
Notice that the slope ot the defect level as a tunction of the alloy composition .v is a signature 
of the detect type. This is an example of the fact that the present theory (6—14) provides a micro¬ 
scopic explanation of the observed chemical trends of the Schottky barrier height. After ref. [ 14). 







382 


R.E. Allen et al. / Theory of Schottky barriers and Ohmic contacts 



Fig. 6. Annealing out of Fermi-level pinning for Ge on p-type GaAs at the annealing tempera¬ 
ture of the Asgj antisitc defect. After ref. (21). In the present theory. As C i is annealed out. but 
the acceptor level for Ga A , remains. The acceptor and donor levels previously found by Spicer et 
al. (3-5) are indicated by the open and solid circles on the left. 



Fig. 7. Surface energy Ef- at a semiconductor/metal interface as a function of IV - y- where H' 
is the metal's work function and y is the semiconductor's electron affinity. Notice that one defect 
of every Jl) or even every 100 semiconductor surface atoms produces good Fermi-level pinning 
for a substantial range of metals. This figure is for n-type Si. with 10” bulk donors/cm J and room 
temperature. One surface acceptor and one surface u. ir level were assumed, as well as an 
interfacial transition region separating.'he metal and n-miconductor of width </ = 5 A and 
dielectric constant r, • I. The present results ate approptiate to surface defects, whereas those 
of ref. (44) are appropriate to bulk defects. 
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have great difficulty explaining results like those of fig. 6. Metal-induced gap 
states'cannot explain Fermi-level-pinning at submonolayer coverages [3-5, 
20-23.26,.3l.]f or real world Schottky barriers with an oxide layer between the 
semiconductor and the metal. A more extensive case against metal-induced 
aap states as the mechanism for observed Schottky barriers is presented in ref. 
[12 b]. 

We-mention that the present theory assumed a concentration of relevant 
defects of the order of one defect per 100 surface atoms, in order for the 
Schottky barrier to be approximately the same for different metals. (A small¬ 
er defect concentration, is required to explain Fermi-level pinning for sub¬ 
monolayer coverages [21).) Jn fig. 7, we illustrate that a 1/100 concentration 
can be quite sufficient for surface defects. (The calculations of fig.. 7 are for 
= 1 and d = 5 A. where e, is the effective dielectric constant and rf'the effec¬ 
tive width of the dipole layer at thdlnterface; the true values of these quan¬ 
tities are unknown, of course, but we believetthese are not unreasonable es¬ 
timates.) Similar results were obtained bv Spicer et a?, [43] arid.Bardeen [1]. 
Oh the other hand. Zur.et al. [44] find that an order of magnitude higher con¬ 
centration is required for bulk defects. The present theory' is. of course, based 
on dangling bonds at the surface. 

The results of figs. 1-6 arc for III—V semiconductors. In-the case of group 
(IV semiconductors [45-52] - Si, Ge, diamond, and amorphous Si - we inter- 



Fig. 8 .Theoretical intrinsic dangling bond levels lor G*. Si. and C (diamond) compared with ex¬ 
perimental surface Fermi-level p«vtion$ inferred from Schottky barrier heights for Au contacts 
on these materials. Energies are measured relative tonhe wi.ence band maximum £,•: the conduc¬ 
tion band minimum at the Lor J point in the Brillouwizonc is shown at the top. After ref. (12b]. 
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pret the observed Schottky barriers in terms of intrinsic dangling bonds. Rep¬ 
resentative results are shown in fig. 8, for Au contacts. We find the same level 
of agreement with the observed Schottky barrier heights for numerous Si/ 
transition-metal-silicide interfaces (11). for W and Ni germanides interfaced 
with Ge and for A! and Pa on diamond [12aJ, and for various transition met¬ 
als on amorphous Si [13]. 

In summary, the present theory explains a wide variety of experimental ob¬ 
servations for Schottky barriers. Fermi-level pinning, and Ohmic contacts. 
For Ilif-V semiconductors, the primary pinning agents appear to be antisite 
danghng bonds. For group IV semiconductors, the data are well explained by 
intrinsic dangling bonds. In some cases, other mechanisms appear to be in¬ 
volved. For example, the original Schottky mechanism appears to apply for 
nob|e metals on GaSe [26]. where the concentration of defects is presumably 
low. Also, the prominent acceptor level'/fot GaSb [3-5] may be due to the 
complex (Ga Sb , V Ga ) (3, 7]. Finally, as desiribed above.-we attribute Fermi- 
ieV4 pinning on p-GaAs to a donor level that is bulk derived and only some* 
what-voifted in energy at the surface. However, the present theory mainly at¬ 
tributes Schottky barriers, Fermi-level pinning, and nearly Ohmic contacts to 
interfacial dangling bonds of one kind «r another. 

We thank the US Office of Naval Research for their support, which made 
this work possible (N00014-S2-K-0447). 
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SUPERCOMPUTERS IN SOLID STATE PHYSICS 
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I. Introduction 

The role of supercomputers in theoretical solid state 
physics has been revolutionized by Che development of high-speed 
computers and software that facilitates their use, In less than 
a generation, che computer available to the average physicist 
hus changed from a cumbersome mechanical calculator that could 
barely divide to an electronic wizard, chat can compute and 
display million-pixel pictures continuously, These advances in 
numerical computation have changed Che character of theqrecical 
physics from a primarily analytic discipline to a field now 
dominated by numerical calculations, simulations, and pattern 
recognition. 

Atomic physics was Che first area to feel che impact of 
computers: codes for solving che Hartree-Fock equations with 
configuration interaction almost rendered approx’mate analytic 
cheorres of acomic structure obsolete by che early 1960's. Solid 
state physics was also dramatically affected by the computer 
revolution, but tbj complexity of many-acom solids appeared, 
until recently, to be an insurmountable obstacle to a fully 
numerical approach to che structures of solids. As a result, 
three Separate types of solid state theory have developed: (1) 
analytic theory, of which th» theory of superconductivity [1] is 
a prime example;. .($) numerical theory, such as energy band 
calculations (2]; and (3) simulations, such as Monte Carlo 
calculations of electron transport in semiconductors (3). 
High-speed computers have created situations such chat the 
analytic theories can be evaluated for increasingly realistic 
models of solids, che numerical theories can be extended to 
Increasingly complex solids, and realistic simulations are now 
possible. In fact, che theory of electronic structure of simple 
solids is now becoming genuinely predictive in che sense that it 
Is capable of providing valence energy band structures, based on 
either a priori theories or well-established semi-empirical 
prescriptions, High-speed computers will certainly cause this 
predictive capability to be extended in che near future to more 
complex solids. Moreover, increasingly complex numerical 
theories chat use he full capabilities of supercomputers are 
likely cc be deve aped •• extending che predictive capabilities 
cf elec ironic structure theory to conduction band structures and 
to excited states of solids. Thus che advene of supercomputers 
g uarantees a revolution in solid scace theory. 
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The purpose of this paper is Co speculace how the - ?S| 
supercomputer revolution in its early days will affect solid llpP 
state theory and to sketch a picture of how the supercomputer 
and its less agile cousin, the laboratory computer (A), will "|f §8 
become cools of the average theorist. 

. ?« 

-II. Optimal llse-of Supercomputers jSq; 

Supercomputers are extremely fast and somewhat-complicated 
machines chat are most often situated at remote locations. 
Software development for these machines is in a primitive state, 
and, as a rule, the machines are decidedly not user-friendly. 

For most users, supercomputers are at distant sites' and have to "j 8 £* 
be accessed over phone lines •• this restriction means chat they 
are useful primarily for compute-limited rather then 
output-limited jobs. (A fully-utilized supercomputer will 
compute so many numbers that the output can be digested by 
humans only in graphical fora •* and presently available 
communications are not well-suited to long distance transmission 
of large amounts of graphical output.) 

The software and cornmun . 1 taticns limitations imply that 
researchers interested in using supercomputer- today should be 
prepared to spend a few months at she -ipercompucer sice to 
learn how to "vectorize" their codes, or they should station a 
student at the site to interact directly with the supercomputer 
(and its high-speed graphics), or they should wait until the 
plans to develop user-friendly software and high-speed 
communications are further along. Hence, in the near future, Che 
primary use of supercomputers by solid state physicists will be 
for large-scale production Jobs on cor- ute-limited programs. 

While it is always cost-effective in a narrow sense to use a 
supercomputer, because supercomputers offer Che mosr megaflops 
per dollar, a proper cost-benefit analysis includes the •in¬ 

considerable personnel time spent dealing with software and 
communications problems. In our experience, the benefits .1 

outweigh Che coses when supercomputer usage ap?r-.»ches fifty 
hours of central processor time or when stationing a student at 
the supercomputer site becomes economically feasible, therefore, 
today supercomputing Is primarily for researchers who either ( 1 ) 
spend nearly full-time computing, (ii) work near a supercomputer 5 $^ 
site, (iii) have research budgets so small that they are forced •£}> 
to deal with the software and communications problems in order 
to obtain Che lower computer costs, or (iv; have problems »o 
large chat laboratory or institutional computers cannot 
accommodate them. Users with lesser needs will find that 
personal computers with their superior software (e.g., a Compaq) »'w 
or laboratory computers with their user-friendly and 
well-integrated software and hardware (e.g.. a VAX, possibly 
with an array processor attached) offer cost-effective research 
computing with a minimum of frustration._ _ __ . _ _ : 




There ere aejor efforts In progress co improve Che 
user* friendliness of supercomputer software and to. develop 
high-speed communications between supercomputers and remote 
installations. If chese efforts fulfill their advertised 
promise, supercomputers will become much more useful and 
accessible for casual computations. Nevertheless, in the near 
fucure, mosc solid state physicists will perform most of their 
program development and debugging on personal or laboratory 
computers •• and will transfer large-scale production 
computation to supercomputers. 

In the next decade we expect institutions such as research 
universities co develop balanced, integrated computer networks. 
The large universities will own supercomputers, while the 
smaller ones will have high-speed data links co supercomputer 
centers. Universities will continue to have computer and 
graphics centers for handling moderately heavy computation and 
for shifting the Jobs chat demand extremely fast computation to 
supercomputers. Individual researchers and research groups will 
continue co have laboratory computers dedicated co specific 
casks and will use these computers to debug codes that are 
shipped to supercomputers for rapid execution. These laboratory 
computers will be replaced every five years or so, with the old 
computers being incorporated into university-wide networks 
designed primarily for student use. All lower levels of computer 
usage for research, such as personal computer usage, will also 
be incorporated into the same networks. 

This picture of the near-term evolution of research 
computing into a stratified system, with different strata having 
different but complementary functions, is the basis for our 
projections of the needs for supercomputers in solid state 
physics. 

III. Solid State Physics and'Supercompucing 

Solid state physics is an extremely broad field and there 
are many problems in the field that will be solved using 
supercomputers. Here we consider only two typical general 
problems: understanding the electronic and vibracionai 
structures of semiconductors. Ue argue that some aspects of 
chese problems are most efficiently solved using laboratory 
computers, especially when one accounts for che accessibility of 
laboratory computers in comparison with most supercomputers. 
Nevertheless, there are many interesting research questions that 
can be answered only with che help of a supercomputer •• and 
some that will require future-generation supercomputers. 
Therefore we scrongly endorse efforts co upgrade che country's 
supercompucing capability, and co make supercomputers widely 
accessible co materials scientists and solid state physicists. 
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Fig. 1. Predicted electronic structure of the metastable 
subsitutional alloy (InP)^. x Ge 2 x , after Ref. (5). 


a) Electronic Structure 

Currently theorists can predict the electronic structures 
of solids with a high degree of confidence if they first know 
the sices of the constituent aeons. The calculations involved 
can be performed on a laboratory computer if there is, some 
regularity or periodicity to the positions of the-atom and If 
the atomic geometries arenot too complicated. For example, the 
band gap of a metastable substitutional crystalline alloy such 
as (InP)i.^Geo* can t5e calculated rather well (5j. Fig. I, 
because this semiconductive alloy is highly covalent and similar 
to well-understood (CaAs)^. x Ce 2 X (6j. The alloy effects can be 
treated In the virtual-crystal or "amalgamated" approximation 
(7J: the interactions between atoms overpower small differences, 
in the energies of different atoms, making the electronic 
structure insensitive to the details of alloy configurations or 
any slight lattice relaxation. 



This plessanc situation fails to hold, however, (1) once 
charge'transfer between atoms becomes important (l.e., for ionic 
solids), or (ii) once atoms in ah alioy cluster together, or 
(111) in cases such that fluctuations in composition beyond 
mean*field theory become important, or (iv) when the fundamental 
unit cell of the solid is too large. For such problems, 
supercomputers will be needed. Furthermore, attempts -to develop 
a fundamental thermodynamics of solids and to study 
electronically driven phase transitions or defect stabilized 
phases using actual electronic wavefunccions will require 
massive calculations ♦* on supercomputers. 

b) Vibrational Structure 

Predictions of the vibrational structure of solids, 
particularly in the spectral neighborhood of the optical phonons 
are very sensitive to decails of short-range order and hence 
will require more computing piwer than corresponding electronic 
structure problems. In fact, the phonon spectrum of a simple 
random alloy, such as (CaSb)^ -> .Ce 2 x . is a superposition of lines 
associated with the different bonds (Fig. 2) (8J, with the 
energy of each line depending on as many as hundreds of atoms 
nearest to the bond. To merely solve Newccn's equations of 
motion for such a single cluster of, say, 1000 atoms requires 
diagonalization of a 3000 by 3000 matrix •• in the simplest 
model (short-ranged forces, rigid-ions). 

There are simply coo many different alloy configurations to 
include them all If one allows for any one of: anharmonic 
forces, long-ranged interactions, atomic polarizacion, off-sice 
atomic distortions, finite temperatures, or clustered atomic 
configurations, the problem of calculating the phonon spectrum 
of this simple alloy for' even a few alloy configurations becomes 
incraccable even with today's supercomputers. This problem 
awaits future generations of supercomputers for its solution. 
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(GaSb)^. x Ge 2 y alloy, after Ref. (8). The dashed line is what la 
known as the’ persistent approximation. 









IV. Summary 


Clearly supercomputers will have a profound effect on the 
level of theoretical understanding of solids, especially complex 
solids such as superlattices or microscructures. With increasing 
supercomputer speed, the solid state cheorists will be able to 
creat increasingly complex structures in electronic materials •• 
and, before long, will be able to. predict the .properties of 
electronic devices. As the computing elements became smaller, 
fascer, more complex, and governed by quantum rather chan 
classical laws of physics, the laws of quantum mechanics 
implemented with supercomputers will become increasingly capable 
of predicting the properties of newer, smaller, and yet more 
powerful circuit elements. One of the t great dreams of 
theoretical physics will be realised: Theory will be able to 
predict new man-made electronic device structures chat, when 
fabricated, will have a profound effect on modern culture. 
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Effects of the band offset on interfacial deep levels 
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The,energy levels of antisite defects at a GaAs/Ge (110) interface are calculated and shown 
to be essentially unaltered with respect to the GaAs valence band maximum by different 
choices of the valence band offset. 


I. INTRODUCTION 

The physics of impurities and defects at interfaces 
needs considerable development as a result of the in¬ 
creasing scientific and technological importance of 
semiconductor superlattices and the ability to fabricate 
superlattices'with very thin layers (and hence large in- 
terface-to-volume ratios). Impurities at interfaces are 
known to have differcht deep impurity-levels from those 
in the bulk* 44 because of the reduced point group sym¬ 
metry; C, 5,6 for a GaAs/Ge (110) interface with its 
(HO) reflation plane, instead of T d . 6 In the bulk, ans- 
and p-botded impurity would normally produce four 
deep level* m the ’icinity of the fundamental bandgap 7 : 
one r-like, level and a triply degenerate /7-like 7\ lev¬ 
el.' 5 The interface shifts the A, level and splits the T z 
level into twp nearly degenerate jr-lik'- a'- and a "-sym¬ 
metric levels 1 and a a-like a' 5 or a, level. 6 (See Figs. 1 
and 2.) The splitting of the rr-like levels is due to second- 
and more-distant neighbors. 

A numbei of papers have dealt with the physics of 
deep impurity levels at interfaces, 8,9 although many 
more have considered deep levels at surfaces. 1011 One 
feature of interfacial deep levels that has not been ade¬ 
quately explored is how the energies of deep impurities 
depend on valence-band offsets, few of which are known 
accurately. In this article we present theoretical results 
bearing on this question, taking as our prototypical de¬ 
fect As on a Ga interfacial site of a GaAs/Ge (110) 
perfect heterojunction. 

II. CALCULATIONS 

Our calculations are based on an empirical tight- 
binding model of electronic structure, and they use a 
Hamiltonian whose matrix elements reproduce the 
known (low-temperature) bandgapsofGaAsandGe. 12 
The defect potential matrix V is constructed using the 
rules of Hjaimarson et a/. u The Hamiltonian for the 


*’ Present address; TexaS.liwuments. Richardson, Texas. 
Permanent address. 


(110) interface between GaAs and Ge is constructed, 
and the interfacial Green’s function is computed, as dis¬ 
cussed in Refs. 2 and 4. Then the interfacial deep levels 
are computed using the theory of Hjaimarson et al.' 3 
Details of the calculational procedure are available. 14 

In constructing the Hamiltonian for the interface, 
we must know the valence-band offset, because the elec¬ 
tronic structure theory of Vogl et al.' 2 assumes that the 
zero of energy for each semiconductor lies at the va- 
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FIO. 1. Schematic illustration of an As Cl4 defect at a GaAs/Ge (110) 
interface. The defect’s nearest-neighbor environment is thes.tme as for 
As c , in bulk GaAs. except for one Ge atom (in solid circle). This one 
Geatom will shift the As Ci s-like.t, deep level and split the As 0 , p- 
like T. level into a tr-like o’ level polarized along the As, i( -Ge axis, 
plus a twofold degenerate .r-like level polarized perpendicularly to the 
AS 0j ”GeaxiS-The o-like level movss up in energy because fie is more 
electropositive than the As ..lot” of bulk GaAs that it replac-s The rr- 
like level lies very near the bulk T level and is split into o’ (higher 
energy) ar.d a" levels by the second-neighbor Ge atoms (in dashed 
clicks The mlenace between GaAs and Ge is denoted by a chained 
line. 
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FIG. 2. Predicted energy levels near the fundamental bandgap for the 
As 0a defect in GaAs at a GaAs/Ge interface. We assumed band off¬ 
sets of (a) 0.73 eV 15 arid (b) 0.41 eV."’ Dashed levels are resonant 
with the bands of cither GaAs or Ge. 


lence-band maximum. For Ga As/Ge, which is thought 
to be a type I heterojunction, the valence-band maxi¬ 
mum of Ge lies at higher energy by A£ ( , than that of 
GaAs (and the conduction band minimum lies at lower 
energy). The value of the band-offset A is controver¬ 
sial, however. Therefore we repeat our calculations for 
each of two commonly cited theories of band offsets: 
(i) the Frensley-Kroemer theory, which predicts 
A£,. =0.73 eV' s and (ii) the Harrison theory, which 
predicts A£,. = 0.41 eV. lh There have been numerous 
other theories of band offsets, such as the electron-affin¬ 
ity rule, 1 ’ including some very recent ones 18 ; but none 
can be considered quantitatively reliable, since the 
mnny-electron and lattice-relaxation effects omitted 
from all of these theories typically account for theoreti¬ 
cal uncertainties of several tenths of an eV. Neverthe¬ 
less, the values A= 0.73 eV and 0.41 eV span a rea¬ 
sonable range oi'band offsets and will serve the purpose 
of displaying any significant dependences of deep levels 
on A 

We calculate the deep levels associated with interfa¬ 
cial Ga and As antisite defects in GaAs at a GaAs/Ge 
(110) interface. For all choices of the band-offset A£, , 
we find that the deep levels of Ga As lie distant from the 
bandgap and that the As defect on the interfacial Ga 
site, As 0j . produces three p-like deep levels in or near 
the common fundamental bandgap of GaAs/Ge: two 
lower-energy, nearly degenerate "-like levels that are 
almost a; same energy as the bulk 7\ level and a 
higher-eneigv i/-like a' level. The upper rr-like level is 
also of a' symmetry* and has positive parity with respect 
to the (110; reflection plane, whereas the lower level is 
a“ symmetric, with negative parity. (The (7-like a’ level 
lies at higher energy than the ;7-like levels because Ge is 
more electropositive than the As atom of bulk GaAs 
tha* the Ge replaces when the interface is formed.) Our 
calculations show that, to a very good approximation. 


the energies of these three levels are fixed relative to the 
valence-band maximum of GaAs and are independent 
of the band offset. (See Fig. 2.) 

This result can be understood rather simply: The 
primary effect of replacing half of a GaAs crystal with 
Ge, from the point of view of an interfacial As 0a , results 
from the .replacement of the defect’s neighboring As 
atom by a Ge atom. The Ge atom perturbs the bulk 
As Ga deep level with a perturbation potential whose size 
can be estimated as roughly the difference in Ge and As 
s-atomic orbital energies, 12 of order 3 eV. The resulting 
level shift is considerably smaller (by almost an order of 
magnitude), however, because onlj a fraction of the 
As 0a deep-level wavefunction overlaps the Ge pertur¬ 
bation. |0 "° (Recall the first-orderperturbation expres¬ 
sion for energy shifts. 21 ) This fractior is even smaller for 
the --like a' and a" states than for the cr-like a' state. 
Therefore, although the perturbation associated with 
replacing As by Ge is of order — 3 eV. the resulting level 
shifts are about an order of magnitude smaller: 0.1 eV 
for the ir-like states and 0.6 eV for the cr-like state. Fur¬ 
thermore, changes in band offset of order 0.3 eV should 
be viewed as changes in the perturbation by Ge of order 
10% and therefore cause ~ 10% changes of the already 
small level shifts: only 0.01 to 0.06 eV—a negligible few 
hundredths of on eV. 

III. CONCLUSIONS 

Therefore we find that the deep levels of interracial 
defects are different from the deep levels of the same 
defects in the bulk, and that, when measured relative to 
the valence-band maximum of the material in which 
they reside, are (to a good approximation) independent 
of the energy of the valence band edge of the other mate¬ 
rial and the band offset of the heterostructure. These 
results, although obtained for an As Gj defect at a 
GaAs/Ge (110) interface, are more universally valid 
and can be expected to hold in general for substitutional 
interfacial defects at pe-fect semiconductor interfaces. 
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BAND STRUCTURE OF InN 
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Tha enargy band structure of vurczite-structure seoiconducdve InN Is 
predicted using empirical nearest-neighbor tight-binding theory. The 
tight-binding parameters ..are extrapolated from those of zincblende InP, 
InAs, and InSb by using aaplrical rulas for tha dependences of the 
parameters on bond length, and on row of cha Periodic Table. The 
predicted band gap is direct and agrees well with Che data for this 
potential orange lighc-eaitter. It is isujgested chat zincblende InN l if 
it can be grown', also will have a band-gap near. 2 eV. 


1. Introduction 

The recent successful growth (1-3) of 
high-mobilicy, polycryscalline InN with a direct 
fundamental band gap in the orange part of the 
spectrum (2.05 eV (2]) suggests that this haw 
materia! might some day be fashioned into large 
band-gap solid state lasers. It is widely 
believed chat III-V materials are more easily 
doped both h- and p-cype chan the large band-gap 
il-VI semiconductors, and so a 2 eV-gap III-V 
semiconductor such as InN may find exciting 
applications as a visible light-emitting diode 
and laser. To stimulate more research on the 
optical properties of InN, we present here 
predictions of its energy band structure. 

.The predicted.band structure is based on a 
nearest-neighbor empirical tight-binding model 
of wurtzlte semiconductors, with an sp 3 basis at 
each atomic sice (6-6). This model has 
successfully described the electronic structures 
and deep impurity levels of a number of ocher 
wurtzlte semiconductors with large, indirect 
fundamental band gaps [8.7], Tha basis sac 
consists of one s and three p orbitals centered 
on each atomic sice. Hence cha Hamiltonian 
matrix, for fixed wavevector 5, is 16x16. This 
matrix is displayed explicitly in Ref. [6j. 


2. Band structure of wurtzlte InN 

To determine the band structure of InN, we 
must first determine the tight-binding 
parameters, namely the diagonal matrix elements 
E and the off-diagonal elements V [6], and then 
diagonalize the Hamiltonian matrix. Ve obtain 
the tight-binding parameters for vurczice InN 
from those of zincblende In?, InAs, and InSb, 
because the zincblende parameters are known (and 
exhibit chemical trends) (3] and the 
nearest-neighbor environments of the two crystal 
structures are virtually the same (9J. 


The on-site matrix ailments E for InN were 
determined as follows: The three matrix elements 
of InP (Row 3 of the Periodic Table). InAs (Row 
4), and InSb (Row 5) defined a parabolic 
function of r, where r Is the Row of the 
Periodic. Table. Ve took the value of this 
function for r «• 2 to be the on-site matrix 
element' for InN. As expected, the resulting 
matrix elements for the N-slce were only weakly 
dependent on r, and the In-siti matrix elements, 
reflected tha same chemical trends as the atomic 
orbital energies w 4 (8,10). (For a tabulation of 
Chose energies, see Ref. (8).) 

The off-diagonal matrix elements V were 
assumed to follow Harrison's rule {11): They are 
proportional to the Inverse square of the bond 
length (9), and were obtained by multiplying the 


TABLE I. Tight binding parameters (in eV) for 
InN in the notation of.Ref. (6). The parameters 
are the same for wurtzlte and zincblende 
structures; for the zincblende structure chore 
are additional parameters associated with the s* 
orbital (7). 


E(s.a) 


•7.0721 

E(p,a) 


0.7531 

E(s,c) 


•0.6766 

E(p,c) 


4.0306 

V(s,s) 


*5.1158 

V(x,x) 


1.7511 

V(x,y) 


3.8027 

V(sa,pc) 


1.8009 

V(pa,se) 


5.3898 
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significant qualitative and quantitative 
differences between our bands and the 
pseudopotential bands (Fig. 3), and we have 
reason to believe that the tight-binding band 
structure is more realistic (14). Sased on 
experience with zincblende (S) and the ocher 
wurczite (6) semiconductors, we expect our 
valence bands and the lowest conduction bands to 
mimic the real band structure rather well, up to 
3 eV above the valence band maximum. 

tfe propose that experimental studies of 
wurczite InN. including angle-dependent 
phocoemission and electron energy-loss 
spectroscopy., be initiated to resolve the 
.discrepancies .'between the two theories and to 
deceriine the correct band, structure of this 
potential orange lignc emitter. 


3. Zincblende InN 

A LM TA HK T; It is interesting to speculate about the 

properties of zincblehde-strueture InN, on the 
Wave-vector k grounds chat it might be possible to grow 

mecascable zincblende InN in a layered 
Fig, 3. Band structure of wurczite InN, after structure, much as zincblende Zn|. x Mn x Se was 
Ref. [1], for comparison with Fig. 2. grown between. ZnSe layers for 0.3 < x < 0.7 by 

Kolbdziejski et-al. [IS], despite its preference 
for the wurczite phase for 0.3 < x < 0.6. 
the general structure of the valence bands is Because of the small covalent radius of N, few 

similar to chat obtained both experimentally and of- the common semiconductor materials lattice- 

theoretically :for ocher-wurczite- semiconductors match well to-InN; for-'example, SIC, -AiN, BP, 

(13J, lending further-credence-to the-results. GaN, and Si have-bond-length mismatches with InN 

We are aware of only, one calculation of the of.44%,'13%. 9%, 8v, and -8%,. respectively, 

band structure of InN that predates this work, a Clearly the stabilization of the zincblende form 

calculation based on the empirical of InN in a suitable artificial layered 

pseudopotential m*'hod [1,2]. There are structure represents-quite-a challenge. 
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In ch« hop* of stimulating afforcs co grow 
zincblend* InN w« hay* predicted in Fig. 4 its 
band scruetura, using, the model of Vogl et ai. 
(I), with ch# s and) p Hamiltonian matrix 
• lamants of Table I and s* matrix tlemehcs (7) 
obtained by the same method of extrapolation 
used for ch* wurczict- matrix elements. (The 
zincblend* Brillouin zone is displayed in Fi*. 
lb.) The fundamental bend gap is the same in the 
zincblende structure as in the wurtzite' 
seruccur* for ch* sp 3 ’wurtzite nearest-neighbor 
tight-binding theory and' ch* sp 3 s* Vogl model of 
ch* zincblend* scruceure, namely 2.2 eV, or 

2 Eg ( p - E(s,a) + E(s,c) - E(p,a) • E(p.c) 

+ ( (E(s.a)-E(s,c)) 2 + 4 V JS 2 l 1 / 2 
+ ( (E(p.a)-E(p.e)) 2 + 4 V xx 2 ) 1 / 2 . 

Her* w* have used che notation of Ref. {8]. 

On* unique feature of the predicted band 
structures is the width of che valence bands, 
which for both wurtzite and zincblend* InN is 
about half what one finds for ocher similar 
semiconductors. These narrow vidchs may be an 
arclfacc of the model, hovavar: for example, a 
similar tight-binding theory of AfN produced a 
valence band width larger than subsequently, 
predicted by the local-density pseudo-function 
mechod (16). In this regard, w# not# that Tsai 
at ai. (17) and Christensen' (It) have very 
recently independently communicated to us 
local-density band structures which feature 
broader valence bands. Local-density theory, 
however, generally produces a fundamental band 
gap chat is much coo small, and so ch* issue of 
which theory is superior should be resolved 
experimentally. V* do note that w# can adjust 
ch* parameters of che model to obtain broader 
valence bands while retaining ch* 2 eV gap, but 
such adjusted parameters would not have the a 
priori status of the present parameters. Such 
adjustments would not greatly affect predictions 
for either the band gaps of InN-based alloys 
(such as Ini, X C* X N) or ch* electronic states 
near the fundamental band gap associated with 
localized perturbations, such as deep levels 
(19). Therefore, the model should prove.useful, 
.even if it is shown co predict valence bands 
chat, are somewhat narrow. 

4. Summary 

In summary, InN Ir. either the wurzite or the 
zincblend* form is expected to be an interesting 
optoelectronic material with a band gap In or 
near the orange pare of ch* spectrum. It would' 
be Interesting if either of these 'materials 
could be grown with electronic-grad* quality, 
a.nd the predictions) of this paper tested. 
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The X-ray photoemission, absorption, and emission spectra of a one-dimensional, one- 
orbital-per-site model of an ordered binary compound AB and its disordered,counterparts 
Au.B'.tBjAt are calculated. With increasing jr, the band gap ot this model changes from 
being 'arge (insulating) to very small (semiconductive). Final-state interaction effects thrt 
prod'-., electronic excitation of valence electrons across the gap are incorporated in a 
change-of-mcan-field approximation. The spectra exhibit sidebands associated with 
disorder and distinctive features associated with the character of the one-electron states and 
excitor ic states. 

1. Introduction 

In this paper we report calculations of the X-ray photoemission, absorption, 
and emission spectra of t one-dimensional model of an ordered diatomic 
compound AB, and of its disordered counterparts A^B^B^A, with various 
concentrations x of antisite defects. With increasing x this model changes from 
having a large band gap (an insulator) to having a sufficiently small gap and den¬ 
sity of state? m the vicinity of the Fermi surface that it is semiconductive. T!.c 
calculations are based or a one-electron and one-orbital per site tight-binding 
model, and incorporate manv-electron final-state interaction effe-ts in change- 
of-mean-field approximation. 1 To our knowledge, this is the first treatment of a 
model for such muiti-electron processes in diatomic compounds, either ordered 
or disordered. 

2. Model 

In the change of mean-field model, we treat only the vaiencc ar.d conduction 
electrons, which in the initial state for X-ray photoemission are described by the 
A'-electroii Hamiltonian 
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(u 

i-i 

where we have the iight-h-.nding one-electron Hamiltonian 

Af 

ft, - 5] k(> 0\n){n\ + p\n)(n + + + I)(*-'[- (2) 

/I— 1 

Here j/i) refers to the orbital at the n-th site of M sites, e(n) is either £ A or £ 8 , and 0 
is the transfer matrix element. For the disordered solid, e(n) is e A with probability 
1 — jeand s B with probability .v. if n is even; e(n) is £ 8 with probability 1 — a * and e A 
with probability x, if n is odd. For the ordered solid, we have - 0. 

The final-state Hamiltonian is 

.v 

(3) 

i-1 

whereis identic.-.! to h ,, except at ?hc site.R of the core hole — which has an 
additional electron-hole interaction term »'»« V 0 jR) (Rj, with V 0 < 0. The initial 
many-elec^ron s t ate If) is a Slater determinant of the A r lowest-energy single¬ 
panic!.: c ; bital eigenfun.tidas \<i>) of h. The var.ous final-states jFV; are determi¬ 
nants of .V eigenfunctions |ur) o'h'. 

Here we consider onl> a single-spin channel (up), because the effects of the 
spin-dowr. channel car be included a posteriori by convolution 1 and merely serve 
to asymmetrically broaden the single-channel spect-a slightly, without altering 
the essentia! physics. Hence, in this paper, the number of electrons. A r is half the 
number of * Sics the Firm; energy is halfway between e A and t which we 
define ’o be zero: c A * -c R . 

In the chany-of-mcan-field model the X-ray photoemission spectrum (XPS) 
for photoelectrons o r energy E is 

1(E) - £ |'/jrV S(E + Er v - E,-hu- £„,.). (4) 


Here E F , anc. E, a-c *he final- und initial-state energies of the conduction elect-on 
gas and £ eoft is tl. .* core hole energy relative to the center of the conduction band. 
The XPS recoil energy is 



I / 


where the sums are over occupied final- and initial-state single-panicle energies. 
Likewise the X-ray emission spectrum fot photons of energy E is 


k(E) - Z,\(Fv\M\!)\ : d(E : - E, + £,-,)• 


( 6 ) 
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where the initial state j/) is a determinant of N + 1 |^)'s, and the various final 
states |/ r v) are configurations described by determinants of N\<p)'s and on>“ core 
orbitai: 


v'i(R) iMR) ... *s+i (R) 

(F\vM\I) ~ MoteM • (?) 

(d.>M) ... 


Here {<t>\y) is a scalar product, R is the core hole site, and we have assumed that 
the core radius is negligible 2 and M 0 is a constant. A similar expression holds for 
X-ray aborption. 2,3 ' 

We have the sum niles for XPS 1 

I* 1(E) dE- 1, (8) 

J 

and for emission 2 


k(E*) dE •• Mo I ( | V'/ (R)| J , 


where the sum is over occupied orbitals of the initial'state. 

The lineshapes we display are ensemble averages (denoted by << .>>) k over 

ali core hole sites (typically 1000 such sites);,e.g., 


X (E) * «X,j(F'!A/|/}| 2 A/ 0 - 2 S(E - E, + E r ,)» . (10) 


The procedure for executing the calculations has been described elsewhere 3,4 . 
Briefly, we have directly diagonalized the Hamiltonian tor A' - 20 electrons and 
M * 40'5ites, with the core-hole site being one of the ten innermost sites. 


3. Results 

The results of our calculations (for/? *» -1/2, V 0 * -2|/?|, s B - 2|/?|, and 
e A ** ~£s) are given in Figs. 1 and 2, 3 and 4, and 5 and 6,. for X-ray 
photocmission. X-ray absorption, and X-ray emission, respectively. 

These spectra can be understood by referring to the density of stater 5,8 (Fig. 7), 
which feature a filled A-likc valence band and an empty 8*Iikc conduction band 
(for a* » 0) which both develop sidebands associated with antisite defects (e.g., 
ABAAAB) and clusters of defects as a result of disorder (for x * 0). For sufficient 
disorder (.v >0.1) the gap between the valence and the conduction bands becomes 
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( E + € core )/2|/3| 

Fig. 3: Predicted X-rav absorption spectra *(£) for excitation of a core level at the A-site, as in Fig. 1. 



Fig. 4. Predicted X-ray absorption spectra *(£) for excitation of r. core level at the B-site. as in Fig. 1 . 


very small. That is, the disorder converts the mode! material from insulating to 
semiconductive. 

Further aids to understanding the spectra are Figs. 8 and 9, which display for 
the ordered diatomic material AB the total density of states, the local densities of 
states at the A and B sites, and the hole-perturbed densities of states at the A and 
B sites. Note that the hole-perturbed local density of states at the B-site has two 
bound states, one associated with each band, bui ihat at the A-site there is only an 
A-band bound state. 
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Fig. 5. Predicted A-site X-ray emission spectra /(£}; as in Fig. I. 



Fig. 6. Predicted B-site X-ray emission spectra *(£), ac tn Fig, I. 


a) XPS spectra 

The X-ray photoemission spectra (XPS) for creation of a core hole at site A 
(Fig. 1) each have a large peak [at(£ -/it<>-e aHt )/2|/?j:s: l] associated with 
photoemission from the core. For x - 0, this peak is symmetric. There is a low- 
energy sideband (at (E - hp —£«,«)/ 21/?| s - 2.5] corresponding to accompany¬ 
ing excitations of the electron gas from the bound state of the (f»li’d) A band to 
the empty E band (see Fig. 9). For x * 0, the structure near (E - /tw~£ eo(t ) 
ss — 2|/?j corresponds to disorder-activated excitations from near the top of the 



-2 


I 


2 


0 

E / 21 £ j 

Fig. 7. Broadened densities 5 of states (times 2|/?j, the unit of energy) versus £/2!,$l for 
with x - 0.1 (solid line), x * 0.3 (dashed), and * ” 0.5 (chained). Levels with £ < 0 lie below the 
Fermi energy £> - 0 and are occupied at zero temperature. For x ■ 0.1. the characteristic 
|£ - £«r ,,J van Hove singularities are blurred slightly. For larger x, antisite-defect peaks are 
prominent, small sidebands associated with clusters of antisite defects arc visible, and band-center 
peaks associated with disorder are present. 1 


filled A band to the empty B band (zee Fig. 7). With increasing disorder the.ga.n 
between the filled A band and the emp* B band fills in, and the main peak 
becomes more asymmetric, due to low energy excitations of the electron gas 
across the gap from below the Fermi energy to above. (These excitations are 
forbidden for* * 0, because the model is insulating in this limit — there are no 
states in the band gap of 4|/?|.) 

XPS at the B site (Fig. 2) produces a nearly recoilless peak at E - » 0, 

and a peak at s -1.7 corresponding to transitions from the filled A band to the 
empty bound state (see Fig. 8) of the B band. The sidebands of the main peak 
associated with disorder are due to transitions from filled to empty states. -In 
particular the small peak at.(£ - fico-e (on ) /2\f}\ cs 0.6 is associated with shape- 
resonance excitations of the lowest density-of-states peak above the Fermi energy 
from below the Fermi energy (where it is pulled by the core hole) to above.’ 

b) Absorption spectra 

At the A-site, the absorption is relatively weak and featureless because the core- 
hole state has A character and the A character of the conduction band is weak 
(Fig. 3). 
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Fig. 8. Various calculated densit-es of sutes (DOS) (times 2\fi\) of a perfect AB crystal: total DOS; 
local DOS at an A-siu; and local DOS at a B-site. Note'that the upper part of the valence band is 
totally A-like and the lower part of the conduction band is B-like. 


At the B-site (Fig. 4), there is a strong absorption peak for x - 0 corresponding 
to electronic transitions from the B-like core-hole level to the bound exciton state 
of the empty B band. This excitonic level has a strong B-like character. In 
addition, a higher energy peak [near (£+c c0 «)/2j^| =s 1.0] corresponds to transi¬ 
tions into the B continuum. Disorder (x / 0) merely serves to add sidebands and 
shape resonance" 5 to the spectrum. 

c) Emission spectra 

For a core-hole at the A-site, the emission spectra reflect the A-like density of 
states of the valence band, and exhibit disorder-activated sidebands. The initial 
states each has one electron.at the B-band minimum which prefers to project onto 
a final-state B-like one-electroriiorbital, causing the spectra to exhibit the A-like 
character of the remaining electrons. 

’However, for a core-hole at the B-site, the spectra for x - 0 reveal two 
interesting features: (i) a main peak near E+e nn =0 corresponding to the 
electron the excitonic bound state ofthe B band falling into the cou hole and 
(ii) a weaker peak at (£+c wre ) /2\p\^ - 2 associated with transitions in which 
the core hole captures an electron from the bound state below the A-ba*.d; its 











0 


cvi 



Fig. 9. The core-hole pc curbed densities ol' itates (times 2j/?|) at the core-hole site in a perfect AB 
lattice,.for a core-hole at an A-site and a B-sitc. Note that the core-hole produces two bound states 
when it occupies a B-site, but only one when on an A-site. 


small size reflects the reduced B-like characterin that state. This peak disappears 
with disorder,, which weakens the bound state below the A-oand. Disorder 
activates additional sideband features. 

d) Discussion 

The X-ray spectra discussed here exhibit the effects of final-state electron-hole 
interactions as well as the effects ofdisorder. For an insulating model, the.spectra 
have excitonic features. However, no prominent “X-ray edge anomaly’’* 0 
manifests itself even in the semiconducting regime. 

One interesting feature of the XPS spectra is that the major lines arefneariv 
symmetric — a feature once observed" for sodium-tungsten bronzes-with low 
local state densities at the core hole site. At the time of that observation, the only 
available theory was for free-electron metals," which were predicted to have 
considerably asymmetric XPS lines for the case of strong electron-hole interac¬ 
tions — contrary to the observations. 13 The theory presented here suggests that 
nearly symmetric XPS lines can be expected in systems with low densities of 
states at the Fermi energy. 
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In summary, the X-ray snectra of A,_ X B ( ^B,A, are rich in structure associated 
with disorder, but primarily determined by the densities of states. 

Appendix A 

Matrix elements of the retarded Green’s function for the perfect AB lattice 
between two A states in ceils / and / + n are given by 

G^E) - {A, /|(/(£)( A, / + n) 

f ±{E ~ s„) (a : - 4 0*)~ m ([a/20 1 ] ? {[a/2/? : ] : - lI'T 1 , 

I 

where we have a =* (£— £„) (E — e b ) — 2/? 2 and the lower sc; of .signs is 
applicable from the bottom of the upper band (e b ) to«the bottom of the lower 
band U a + e b - {(e b - ef + 16£ 2 } ,/2 ]/2 . 

Other matrix elements are given by 

f 

<B, i\G (£)|B, i+n) - [(£ - e,)/(£ - e b )} <2, *.(«;.£), 

•{A, i|G(£)|B, i+n) - [0/(E - £ b )] [G^ (n y E) 4- G^{n + i, £)]., 
and 

(B, /|(?•(£)!A, i+n) ~ [0'<n-£ b )).[G M (n,E) -'- G M (n - !,£)}. 

Using these matrix elements one may examine, the local density of states of 
various defects by UbingyDyson’s equation G ■» GpXl — VG 0 )~ l . In-particular 
new states outside the bands tray be found by looking for the zeros of the 
determinant of (h + VG 0 ]. We have carried cut 'this search for-the parameters 
given and find that filling two A site?' with B-like state.. gives: 

Cell spacing Energies 

1 1.88, j.56, 0.55, Oi-15 

2 1.78,1.74,0.39,0.32 

3 1.76, 1.76, 0.36, 0.36* 

The results of filling''tv. o,.B sites with A-like state* is just the negative of the ab"ve 
energies. Interchanging v h A and a 3 state gives: 

Cell spacing Energies 

1 ±1.61, ±0:64 

2 ±1.74, ±0.29 

3 ±1.76. ±0.36 
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These results are well correlated with the dominantfeatures and-concentration 

dependence of the numerically calculated densities of states. 
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ABSTRACT 

Ve report theoretical calcuiaclana of daap lava Is in CaAf/Al..Cai , S A* 
auparlatsicai under hydrostatic praaaura. Ve pradicc phaaa diagrams for DX 
centers: for a given composition x thara is a function ?(a>, which relates 
pressure p and CaAs quantum-wall width a, and defines a phase boundary 
between two regions: one in.which OX is a deep r-sp in the fundamental band 
gap and another in which the !DX deep level lies in the conduction band. 


I. ISTROOt'CTIOS 

For a superlaccice in which the crystal structure is continuous across 
the interfaces between alternate layers of different semiconductors, there 
is no difficulty, iniprineiple, in calculating the energy band* and the deep 
impurity levels f-ij. In this paper, we present the results of such 
calculations for Juperlattices undar hydrostatic pressure, based on an 
empirical cighc-bi‘nding,model. Deep impurity levels.are created by a Green's 
function method (?.|, usin^ special points to perform E-space"' sums ;3j. To 
account for tf;e effects of pressure, we fit the pressure dependences of 
empirical matri.V elements of the Hamiltonian to tha observed pressure 
variations of the bulk band structures [4], The valence band offset at the 
interface is treated by using the experimental results of Volford ec al. 


In the present study we consider a DX center in an Ai v Ca,. v As layer of 
an Ai v Ga^. v As/Af s Gaj_, x As suparlactice (for y « x), and'/we Show that (t) 
reducing thb thickness of the Af v Ga. yis layer, (it) fneriasing the alloy 
composition y, and (Hi) the application of hydrostatic pressure all hav* 
similar effects on the "DX" center [6]: the deep level is driven from the 
conduction band of Af v Ca^ >v Aa into the fundamental band gap. Thus this work 
adopts the pioneering Viewpoint of Hjalmarson ec al. (71, that the DX center 
is associated with a substitutional donor (such as Sl c .) and produces a deep 
level resonant with the conduction band in CaAs, but the level can be driven 
into the fundamental band gap by either (i) increasing the alloy composition 
(61. increasing pressure (Jj, or reducing the thickness of the GaAs layer 
containing the donor (l). The persistent photoconductivity of the DX center 
is presumably explained by the weak electron-phonon coupling model of 
Hjalmarson and Drummond (9,10], Ve shall rvfer to this substitutional donor 
as a OX center hereafter, although many workers believe the DX center is a 
donor-vacancy pair {(). 

This paper is organised as follows: Section II discusses the theorv. 
while Section III describes our results for the OX center when subjected to 
a change of alloy composition x in AlvCa^As, an increase of pressure, or a 
decrease of the quantum-well thickness. The phenomenon of a shallow-deep 
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transition is discussed. and tha notion of a critical combination of 
pressure and quantum-well thickness is introduced: for pressures larger than 
this critical pressure or for quantum-wells thinner than the critical width, 
the OX center will he a deep trap in the fundasMntal band gap. 

XI. THEORY 

Ve begin with a minimal basis-set ICAO-type model (with one t-, one 
excited' «*•• and three p-orbltals centered on each atom) and include only 
nearest-neighbor interaction aatrlx elements Jllj. 'This is sufficient to 
give a reasonable dosctiptlon of the lowest conduction band at well as the 
valence bands for both homogeneous sonic ductort waAs and AiAs and alloys 
Af x Ca^. x At, Hence the sane type of iamlltonian should describe the 
GaAt/Ai x Ca{. x As superlattiee (1). (Alloys are treated in;a virtual crystal 
approximation (12).) A universal set of paraaetert for'the Hamiltonian is 
available 111); these have accurately reproduced the band)structures of CaAs 
and AiAs. Ve perform our calculations for CaAs/Ai x C«^. x As superlattices 
whose layers are perpendicular to the (001) direction.'fc’e assume CaAs and 
Ai x Caj >x As are perfectly lattlce-aatehed and we consider K- layers of OaAs 
and K 0 layers of Af x Cai. x As repeated periodically. The dimension of the 
superlattiee Hamiltonian matrix (for a giver surface wave-vector f: in the 
plane of the layerr) equals the numbe-. of orbitals perato* times 2(.’;,4K,). 
The valence band edge discontinuity, vhieh has some effects an the positions 
of deep levels in the superlattiee, is chosen to reproduce the recenei 
experimental reaul-t by Wolford at al. (lie cf the,band offset is in the' 
valence band) (3). Thi t offset is lncorporattd in the medal by aiding a 
constant to all of th« diagonal matrix alements:of the Haf.iltoUan of CaAs, 
because these tight-binding parameter,* ill! are defined with respect to the 
top of the valence band. The full Hasiltor.ian, which produces t.ie 
superlattiee band structure as veil as all s- and p-borded deep impurity 
levels, is given in detail in the paper by Ren et al. (i!- Ve follow the 
techniques of that work and the theory of deep levels in pressurised bulk 
semiconductors [4] in performing our own calculations for the presssure 
dependences of the deep levels in superlattices. 

The impurity levels are evaluated following the Green's function theory 
of Hjalmaraon et al, [2], which solves the secular equation for the deep 
leva*. energy E: 

dot (1-CV) - 0, 

Here V is the^defect potential matrix, which is diagonal in the Vogi sp 3 s* 
basis (in the case of zero lattice relaxation) and has matrix elements 
related to the defect and host atonic energies i2J. The Croon's function 
operator i* G - <E-H)*\ where H is the host tight-binding Hamiltonian 
operator and E has a small positive inagina-y part when E lies outside the 
band gap. Ve crnsldar „ -hstitutional donor impurities in this paper, and 
they generally have C 2 „ point group symmetry in the CeAs/A;..C 4 1 . v As 
superlattiee. Details of the calculations! procedure may be found in Refs. 
(1) and |4). 

The pressure dependence? dE/dp of substitutional deep point defect 
levels in CaAs/Ai x Gaj. x An are deduced using the far* that the hvdrostatle 

pressure preserves crystal symmetries while altering l.-.nd lengths'. In the 
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nodal of Vogl ac al.. cha diagonal matrix alamtnea of eha hose Hamiltonian H 
and cha on*slca daface pocanclal V ara lndapandane of changes In tha bond 
length, whlla cha off-diagonal matrix alamanta of H dapand on bond langth d 
according ?o Harrlaon't rula: 

' H o.d ' H o./ <V d ) n(a ' /5> • 

vhara dg Is cha zaro-prassura bond length; Tha «::penancs n(a,£) (for 
a,2 "i, p. and **) ara obtained by fitting' At observed prassura 
dependences of cha direct band gaps at T, X. and L, and the. Indirect gaps 
from eha valance band, maximum co L and X, using least-squares methods. A 
discussion of eha affaces of hydroscaelc prassura on 'bulk electronic 
structures of III-V semiconductors Is given In Ref. [4j. We use eha 
exponent* n(a,0) obtained for eha bulk semiconductors as Input to calculate 
the pressure dependences of the electronic serueeures of superlattice 
CaAs/AigCai.gAs and Its deep levels. > 

III. RESULTS AND DISCUSSION 

In this section ve assess (l) tha effect of Increased alloy-composition 
x on a deep donor level In buikAi„Ca 1 . x Aa, (11) the effect of hvd.-oseatlc 
pressure on the DX cancer, and (111) - the efface of decreased’ quantum-veil 
thickness on a DX center or substitutional point defect in. CaAs veil of a 
GaAs/Af x Ca^. x As superlactice. We cake-as our model of a DX canter, a single 
SI impurity' on a cation site (while acknowledging that DX.behavior can be 
associated with a'wider class of donors, including donor defect,complexes), 

We assume that the defect potential of our DX center produces a deep 
level with the property chat the level descends Into the fundamental band 
gap at an alloy composition near x-0.3 (6| In A-LCa, As. The defect 
potential V that produces such a level, within tha,context of the d«»p level 
theory of Hjalmarson at al. Is, diagonal with V. - -1.047 eV and 
V - -0.844 aV, essentially equal to the SI defect potential (within the 
theoretical uncertainty). The resulting-,alloy dependence of that deep love l 
In Af x Ga l . x As Is displayed in Tig. V, and was .first predicted by Hjalmarson 
l*.'). uho «1*° tint provided the picture of SI .at'a potential DX center - 
an Idea that has since boar, developed by tYamsguchi (13] , who has also 
compared.with data the predictions of the. Hj.iltarson theory for the 
dapendar.se of the DX center .dh-alloy composition s .and pressure ,p. .Note that 
this center undergoes a shallpw-deap transition. 'The s-like Ae-syimecrlc 
deep level in GaAa lies in the conduction bend: Therefore the ground state 
has the extra Si electron.crapped in a shallow donor level. Sue for x.> 0.3 
in A4 x Ga^. x As, the deco level lies in the gap, below the shallow donor 
levels, and this deep ltval is-occupied by one electron in the ground state. 
Thus a second electron-of. oppostce/apln can •’» trapped by the deep level: 
when the deep level lies in, the.gap,, the SI no longer is e donor but instead 
removes electrons from the conduction bend. Thus Si or the DX center 
undergoaa a shallow-deep transition ifrdm an impurity that produces n-type 
shallow.donor semieonduccivo- behavior to one'-tH.it is a dsap trap and leads 
co taml-insulsclng properties. This send 'typo of behavior occurs ss a 
function of increasing pressure for the'-DX, center in CaAs (14], and was 
predicted theoretically. (4,. (See also-Raf. (Uj.j Finally, Ren ct el. |1| 
have developed e theory df deep levels -in superlattices which shove chat 
such a DX center in iGaAs quantum veil of a GaAa/Af x Ca 1 . x As auperlattice 
can daacand into ch* ;gap at tha CaAs v«ll-chicknt«i a dacraasta bacauta tha 
daep level ttaya relatively conecant in. energy vhlle” the conduction bend 
edge of the auperlactiee increase! (due to quantum einflnement) ee the layer 
thickness decreases' -- until it passes above the deep level, causing cha DX 
lavel to lie in che-gap e* an electron crap, See Fig, 2. 
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Fig. 1. Entrjiti versus alloy composition x In Ai«C«j^A* alloy* of (i) 
eha conduction band td|* minima at f, X, and L (solid), (11) thallow donor 
ftata* (*hort da*had), and (111) OX eantar (long dashed), after Raft. [2] 
and (7). 


•gap 
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Fl(. 2. X.lustration of a shallow.da*F transition a* tha width of 
a CaAa quantum wall daeraasas. Xn a thick' wall (a) tha daap donor Xaval 
lias abowa tha eonduetitr. band adga, to chat tha alaetron oeeupia* tha 
lowar shallow laval; in a thin wail (b) tha shallow lava! lias Just 
balow tha suparlatclc* conduction band ad|t and abova tha daap laval. 
which Is occupied by tha alaetron. 
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Fig. 3. Predicted critical pressure versus GaAs quantum-well width 
for a CaAt/A4 0 2} Ca 0 7 jA« wall. Hara wa have Nj-10, 


In Fig. 3 wa ahow our pradlcelona for eha "phase diagram" of a DX 
center in the cancer of a GaAs wall of GaAt/Aig jjGag 7 jAs, namely the 
function of praaaura and well*thickness chat cauaaa the Ai deep level of the 
OX cancer to coincide with the conduction band edge. Thu*, in the region 
marked "ahallow", the OX impurity produce* a deep level in the conduction 
band of the auperlactice, and 1* a (hallow donor: in the "deep" region the 
OX center 1* a deep crap. A word of caution about the theory: the general 
*hape of the curve p(a), where p ia the pr***ur* and a 1* the wall 
ehleknaa*, lireliable, where** the precite value* may hoc be. Indeed,we 
tuipacc that at taro pressure the critical well-thicknei* for a. DX center to 
produce a deep level in the gap la aomewhac smaller chan predicted. 
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A method for computing the Raman spectra of substitution.*.! crystalline 
III-V alloys, combining Monte Carlo and Recursion methods, is presented 
and applied to In 0 , 5 G *o. 5 A *O. 5 Sb 0 . 5 ' 


1, Introduction 

This paper describes a simple method for 
computing Raman scattering spectra for 
substitutional crystalline semiconductor alloys 
with correlations between atoms occupying 
neighboring sites. Most theories assume that 
such alloys are random, and omit correlations 
between the atoms on neighboring sites: The 
probabilities of having different types of atoms 
on a given site depend only on the 
concentrations of the constituents and not on 
the types of atoms on neighboring sites. In 
reality, however, alloys often have a tendency 
to cluster and form regions with preferential 
bonding. >For example, Islam and Bunker {1J have 
recently observed preferential Ca-As and In-Sb 
bonding in In 1 . x Ca } Ac..Jb,alloys; as a result, 
the fraction of ‘ 3a-As bonds differs 
significantly from the random value xy. With the 
increasing technological importance of III-V 
ternary and quaternary alloys •• alloys that 
exhibit different amounts of clustering and 
correlations for different growth conditions *• 
it has become important to develop a theory 
capable of predicting the electronic and 
vibrational properties of correlated alloys. 
Such a theory is needed especially for phonon 
spectra, which unlike electronic spectra are 
normally persistent (2) or two-mode (3) in 
chara.-ter, and most often are not well 
approximated by a virtual crystal approximation 
(which, with f«w exceptions (4*61, provides ah 
adequate description of the electronic stat.s 
near the fundamental band gaps of common 
semiconductors). 

In this paper, we present such a tiu-ory of 
phonons in In^CajASySb, the theory has 
three distinct elements! (ly the determination 
of an 8,000-atom cluster of atoms that haii the 
desired nea*ost-neighbor correlations, (11) the 
appro:'. tation of the Raman spectrum by an 
appr-.priate projected density of stares of the 
alloy [7], and <Hi) evaluation of this density 
of states for the alloy using the recursion 
method (81 and a 5orn-von 5 rmar. model of the 
lattice vibrations (7.5-12 j. 

2. Correlations 

The first cask in developing our theory o; 
correlations is to determine the site 

* Present address: School of Physics Coorg;,' 

Institute of Technology, Atlanta, CA 3(032. 


occupations of a large £.000-atom cluster such 
that the cluster has the desired 
nearest-neighbor correlations. We place atoms Ca 
or In on cation sices (with probabilities x and 
1-X, respectively) and As os Sb on anion sites. 
However, constructing a cluster with the desired 
nearest-neighbor correlations is soirewhat more 
difficult chan creating an uneorrelaced cluster. 
In the ease of an uncorrelated cluster, one 
merely deposits atoms on sites with Che 
prescribed probabilities, using a random number 
generator to determine which atom occupies -a 
given sice. However, if this approach were 
spplied to create a correlated cluster, the 
correlations in different parts -f the cluscsr 
would be different: when putting dowr. the first 
atom, none of its neighbors is known; when 
depositing the second atom., ec mart one of its 
neighbors is known; and so on, until all of the 
neighbors of the lest atom are known. As a 
result, higher-order correlations ate present 
which depend on the sequence in which tne sites 
ere occupied. 

To circumvent this problem, we employ a 
four-component Ising-liki> model of the cluster, 
end apply the standard Mor.te Carlo procedure 
(13,14) to solve the mod-?! for an alloy 
configuration with the desired average alloy 
composition and nenrest-neig..l>or correlations. 
The energy E of the configuration is 

E/(k B T) - Ejg g. ", J(R.R') * Eg h(R), 

where we have h(R) • H w if atom-type v is at 
site R, and j^R.R') - J if atom-type p is a: 

R tnd_w is at R' . (Here y is sero unless R 
end R* are nearere-neigtihers.) The numbers H„ 
and J u v are independent par meters which can be 
adjusted to provide the desi::d nearest-neighbor 
correlations. The probabil.ty oi a given 

8.GOO-atom alloy configuration is proportional 
to exp (-E/kgT). Examining the above express on 
f'-r E, we see that, if we change a slngh .-.tom 
in the configuration, the probability chat the 
new atom is of type v depends only on that atom 
and its four ncnresc-nelghbors, through H,, and 
* 

Our procedure is to fi-sc solve this 
Ising-like model (assuming values of J^ v and 
H t ,) for an equilibrium >.!lov configuration, 
using ordinary Monte Carlo techniques |14|, and 
then to adjust the patameitrs J. ( y and by 
trial and error ( 15 ) until we find an 
equilibrium configuration with the desired 




432 


Ki'CiAN SPECTRA lT 

nearest'neighbor correlations. As usual, enough 
iterations of the Monte Carlo scheme arc 
performed to achieve convergent values of the' 
average alloy compositions x and y and the 
nearest-neighbor correlations ; and the 
results are independent of the initial 
configuration and detailed method of relaxation. 
Here, for example, Ng a As is the fraction of 
CaAs bonds (16). 

For the quaternary alloys considered here, we 
assume that only Ca and In atoms occupy cation 
sites, and only As and Sb occupy anion sites of 
a zincblende lattice. This condition is achieved 
in all configurations by choosing the initial 
configuration to satisfy it, and by taking 

^cation,cation and J anion,anion t0 ae 

The net result of the Monte Carlo procedure is 
a single final cluster configuration that has 
the desired average composition and nearest- 
neighbor correlations. If the eorrelatiqus are 
sr. strong that there is considerable clustering, 
a single 8,000-atom cluster may not mimic the 
real alloy sufficiently well, and it may be 
necessary to generate in ensemble of such 
clusters. In such a case, the calculations 
described below would be repeated for each 
cluster and then ensemble-averaged. 

3 Raman Spectra 

An explicit expression for the intensity l(u') 
due to Raman scattering of light into a solid 
angle dft' is derived in detail in the textbook 
of Born and Huang (7). In particular, they show 
that only the electronic portion of the 
polat.sability P< k is relevant to Raman 
processes (17}. This contribution should be veri¬ 
similar on all cation (anion) sites, since 
different 111 (V) elements are electronically 
similar. Therefore, to a good approximation P, k 
in a zincblende crystalline alloy will be the 
same as, and have the same symmetries as, P (k 
for a pure zincblende crystal. Moreover, only 
the terms Pj k of first order in the dlslaceir'.nts 
Uj are needed for lowest-order Raman scattering. 
These terms can be written simply in terms of 
their decomposition into displacements U|(n,o) 
at individual sites in cell n, and atom o (IS) 
as 

* p jk - 2 n.e,i p jk,i<°'*> u .i< n -*> 

In the zincblende structure, there are two atoms 
per cell (o-1,2) and, from translational 
symmetry [19], they must have Pi^. j chat are 
equal in magnitude and opposite*in sign. The 
form of Pju j is determined largely by the 
symmetry of the crystal. The Raman-allc"->d modes 
and corresponding forms of Pij. j for various 
crystal structures have been tabulated by Hayes 
and Loudon (20). Fr.r the zincblende structure 
(symmetry 53ml, one finds that the only 
Raman-active optical mode is I*j and ch* 
corresponding terror P. k ^ has components Pq (an 
unknown constant) whenever j, k, and i are all 
different, and zero otherwise. 

Bor:-, and Huang (21) show that the F.aman 
scattering intensity at tea* >*rature T for 
one-phonon absorption (i.e., the lowest-order 
anti-Stokes process), in terms of the creation 
and annihilation operators E* and E* for the 
incoming photon of er 'rgy )iu and the 
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polarization vector 7 of tlie outgoing photon of 
energy K--*, is 

I(.-)-- (u 4 /2*c 2 ) 2j kii ni tjtj ijk,fm E i; E m* 
where-we have 

FjkO> p ; m <A) X 

in, “ 1 ■ — - 

(2u> x )|exp(MV k B T) • l > 

Here P^(A) is the projection 6s the 
polarization tensor discussed abov. onto the 
A-th eigenstate, of frequency <22.. Using the 
form of P, k ; discussed above, the scattering is 
independent* of direction and polarization, 
except for an overall scale factor, so the 
results can be discussed without reference to 
the crystal axes. 

4. Recursion Method 

The preceeding discussion demo* ;trates that 
the Raman spectrum iu simply related to the 
projection of the vibrational density of states 
onto the polarizability tensor (22). For a 
disordered alloy, there is no way to determine 
this density of states exactly. However, the 
recursion*method [8] provides a simple, fast 
method to obtain approximate solutions 
numerically for a large cluster. In fact, what 
it really provides is not a total density of 
states, but the projected density of states onto 
a given state. Thus the method is ideal for 
calculations of the Raman scattering, with the 
projected state the polarizability tensor found 
above (22). The resulting calculation is really 
just a spectral density of states computation, 
and the detailed method of application of the 
recursion technique to such problems has <been 
discussed by Davis (6). 

The phonon states are modeled by a simple 
3orn-von Karman model with first- and 
second-nearest-neighbor force constants; i.e., 
by the eigenvalue equation for the 
eigenfrequencles u,: 

2 -a 

M(n,c) ujj u(n.o) - 

“n* a' £( n >°! n *•»*)•(u(n',o*)-u(n,o)]. 

Here the F's are taken to be the most general 
force constant matrices consistent with the 
point group symmetry of atom n.o, and M(n,o) is 
its mass. The force constant matrix contains two 
independent parameters for nearest-neighbors, 
and three for second-nearest-nelghbors (9-12). 
There are no long-ranged forces in this model, 
and so the usual Lyddane-' ,chs-Teller splitting 
of the longitudinal end transverse optical modes 
at zero crystal momenf.jt var she*. Following 
earlier work (11.12], we use thv force constants 
of GaAs ar.d treat the alloy disorder as 
occurring exclusively ir the mass matrix. 

5. Illustrative Results and Conclusions 

The calculated one-phonon absorption Raman 
spectrum for Ing jGag $AS(, . Sbg j at room 
temperature is plotted in'Fip . three curves 
are displayed, correspond!!.;' to three possible- 
correlations. The throe peak-, "n the curves are 
cue to In-Sb (heavy-heavy;. In-As and Ga-Sb 
(heavy•1ight). and Ca-As (light-light) bends, 
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Fig. 1. Theoretical Raman spectrum l xv xv 
for anti-Stokes scattering at room temperituri 
in Ing <Ca 0 jAs.j 5 Sb 0 3 . Tha chainad curva l* 
for Ca'and'is nearest-neighbors 25 b of che time 
(i.a., ro correlations), che solid curva 34B, 
and the dashed curva 16». 


raspacsivaly. Tha doccad curve corresponds :o r.o 
corralacior.s; i.a., tha allowed cypes of acorns 
are placed randomly on each sice. The solid 
curve corresponds co more Ca-As and In-Sb bonds, 
and the corresponding peaks are higher while che 
central one is lower. (This is the actual 
situation according to tha extended x-ray 
absorption fine structure experiments (1).) The 
dashed curve corresponds to more In*As and Ga-Sb 
bonds, and shows a higher central peak and 
reduced side ones. This is qualitatively as 
expected: the area under any given peak is 
roughly proportional to the number of bonds of 
the corresponding type(s), as is true for the 
corresponding peaks i: the density of states. 

However, the relative areas under different 
peaks depend quantitatively on a number of 
factors, and differ markedly from the 


corresponding areas for the density of states 
curves. First, there are various peaks in the 
density of states (at lower energies. In 
particular) chat are Raman forbidden and do not 
show up at all in the Raman spectra. Second, the 
relative areas under different peaks are 
affected by che ra*io of the phonon energy co 
the temperature. Third, che relative areas 
depend on the projection of the states onto che 
optical state of zero crystal momentum. This 
depends primarily on the ratio of the peak 
separation co che optical band*vidch (of the 
pure material), and explains the reduction in 
site of the lower-frequency peaks (2). 

These considerations are important in 
attempting co determine the near-neighbor 
correlations from Raman data. Until now, 
experimentalises have, in che absence of any 
theoretical calculations for comparison, tried 
*.:• estimate the number of nearest-neighbors of 
different atomic types by comparing the areas 
under the different p**iks. While this provides a 
correcc order-of-magnitude estimate of numbers 
of neighbor pairs, it Ignores the factors 
discussed above and therefore does not provide 
accurate estimates of these correlations. The 
techniques described in this paper can be used 
to determine quantitatively the Raman spectra 
for varicus correlations. These can then be 
compared with experimental results to allow an 
accurate determination of che actual 
correlations (23). 

The present approach allows one to determine 
the effects of clustering and correlations on 
the Raman spectra of III-V alloys, and can 
easily be. generalised to predict densities of 
states, and spectra of a variety of ocher alloys. 
The method is not restricted solely to che 
treatment of vibrational properties or co III-V 
alloys, but is generally applicable co a wide 
range of problems in many different 
substitutional crystalline alloys. 
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Studies of electrochemicallv etched tungsten scanning tunneling microscope tips, using scanning 
electron,microscopy. show that (i) the lips are often convolved or bent if the mass of the tungsten 
wire submerged in the etchant is large (an effect ascribed to surface plastic flow), (ii) bent tip.' 
nevertheless often produce good quality scanning tunneling microscopy images of Au films in air. 
but (iii) tips, once crashed clumsily into the Au films, no longer produce images. 


I. INTRODUCTION 

In an ideal scanning tunneling microscope, electron tunnel¬ 
ing occurs between the surface being studied and a single 
atom at the end of a sharp tunneling tip. In practice, it is rare 
to prepare tips even resembling the sharp, single-atom ideal. 
Often, in order to obtain scanning tunneling microscope im¬ 
ages from layered compounds, one must first crash the tung¬ 
sten tip into the surface. This initial crash very likely 
"spears" a layer of the material being studied, which then 
can act as a tunneling tip. For example, scanning tunneling 
microscope studies of layered compounds, such as graphite, 
using tungsten tips suggest that the "tip" may in reality be a 
layer of graphite stuck on tht tungsten. !,: Colton et at . 1 and 
Mizes and Harrison 3 have shown rather dramatically that 
many of the different images reported for graphite surfaces 
can be obtained by having more than one atom acting as a 
tunneling site. In II1-V semiconductors. Feenstraand Fein -1 
have shown that images of defects on the GaAs (110) sur¬ 
face depend on the character of the tip as much as on the 
defect. Biegelsen cl al.* have published studies t.f tip struc¬ 
tures and have found that ion milling improves the sharpness 
of a tip. removes oxide, and enhances the tip’s reliability. 
Clearly the role of the tip and its geometry in forming scan¬ 
ning tunneling microscope images is incompletely under¬ 
stood. 

In this paper, wc report some elementary studies of tung¬ 
sten scanning tunnelin.. microscope tips. These include stud¬ 
ies of scanning electrt.it microscope images of tips, the de¬ 
pendence of tip geometry on tip etching and growth 
conditions, and the quality of scanning tunneling micro¬ 
scope images obtained from each tip. As our touchstone of 
comparison, we use images of Au films m air. Surface Au 
atoms have.. high mobility, forming nearly planar surfaces, 
and the steps on these surfaces are easily visible with our 
microscope. We us. Au rather than graphite as our standard 
because graphite layers are too easily peeled from the sur¬ 
face. We find, not surprisingly, that on.e oar tips crash into 
the surface of Au, unless the crash is .atiier gentle,the tips 
no longer produce good images: however, we also find that 
tip geometry, as observed with a scantr: g electron micro¬ 


scope. cah .be a deceptive predictor of scanning tunneling 
microscope image quality. In particular, some tips can be 
terribly "bent" or convolved geometrically and yet produce 
rather good images. 

II. TIP PREPARATION 

Each tip was prepared by placing several millimeters of 
the lower end of a tungsten wire f 0.025 in. diameter) into an 
aqueous 1M NaOH etching solution and applying a 12-'*’ 
potential to the tungsten wire I with respect to a stainless- 
steel electrode inserted into the sol cm •»: .<. The etch was con¬ 
tinued until the submerged portion o: the wire dropped off 
into the lath, leaving the usable tip suspendeebnear the li¬ 
quid/air interface. By electronically monitoring the etching 
current (typically 10mA) with a comparator circuit, tk. 12- 
V potential was shut oif when the wire.scpar.itcd. This pre¬ 
vented further etening of the tip. After the reparation, the 
etch voltage was pulsed “or” for 1 s. to remove any irregu¬ 
larities at the end of the tip. 

In order to prevent unnecessary cchi-g. we coveted a 
large portion of the win. submerged in the solution with Tef¬ 
lon insulation. This kept the current density in the etching 
region approximately constant and permitted better deter¬ 
mination of the mass of the submerged portion of the wire 
(for correlation of tip shape with tne mass of the submerged 
portion, see beiow). 

III. SCANNING ELECTRON MICROSCOPE IMAGES 

The tip? that we etched generally exhibited nearly . po* 
nentiai shapes (Fig. 1). rather titan the nearly parabolic 
shape' reported by some authors." We find that tins expo- 
uentL: shape results when the current a istt;. (.and hence 
the reaction rate) is high. We have ob*erxod that, with a 
longer length ft wire 1 - ’. cm or snore exposed * the et¬ 
chant. the profiteotYne tip tended to become more pa -, olic. 
Wc ha\e also ft and that more parabolic shapes result from 
electrochemical etching with alternating rather than direct 
current. 

A number of our tips hud. in add. loi: to the nearly expo- 
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Fig. 1. Scanning electron microscope image of a pointed tungsten tip. The 
tip - was etched in an aqueous NaOH solution. Note the 100-^m scale. 

J 

nential overall shape, highly convolved or bent points (Fig. 
2), although such tips had never been allowed contact with 
any surface. By carefully controlling the etching conditions, 
we learned that such bent points tend to occur when the mass 
(length) of the tungsten wire in the etchant is large, a condi¬ 
tion indicative of (i) plastic flow of the tungsten wire as the 
tip is formed and (ii) some recoil of the tip at the instant of 
tip formation, when the wire in the etchant drops off. 

Just before the bottom portion of the wire separates, plas¬ 
tic flow occurs at the narrowest region of the wire when the 
stress induced by the wire’s weight i< greater than the yield 
stress. Rough estimates indicate that the weight of several 
millimeters of tungsten wire in the etchant bath is sufficient 
to allow plastic deformation at a necking diameter of about 1 
/rm. Furthermore. the mechanical energy stored in the neck 
region of the stretched tungsten wire is released when the 
wire separates. This energy, although perhaps an order of 
magnitude too small to plastically deform the entire volume 
of the thicker portion of the wit o, is nevertheless sufficient to 
deform small surface regions, leading to tip recoil and bend- 



Fig. 2. Scanning clcei. m micro-copc imago-, a contorted or hem itingMcu 
lip. The contortion imioi due tothetipN having been crashed, bm rather is 
due to tip deformation during et. rang. Such bent tips occur when a large- 
mass of wire is sttbineiged ill the etchant and are ascribed to iceoil after 
fracture resulting from plastic deformation. Note the 10-//in scale. Note 
also the “dirt" on the tip. residual NaOH. 


Fig. 3. Scanning tunneling microscope image of a Au film, taken using the 
tipofFig. 1.This isa tunneling current image over a 150x UOAareaofthe 
film. Comparable quality images are obtained with both pointed and bent 
tips, provided the tips have not been crashed. 


ing, with the yield stress apparently being exceeded locally at 
certain surface regions. 

The possibility of plastic flow playing a role in the forma¬ 
tion of tips has been raised previously by Muller and Tsong, 1 * 
but those authors ascribed the tip bending to the action of gas 
bubbles. We virtually eliminate such bubbles by usi»g : a-di- 
rect-current etch (alternating current produces many bub¬ 
bles), but still obtain bent tips when the conditions of signifi¬ 
cant plastic flow are met. 

IV. SCANNING TUNNELING MICROSCOPE IMAGES 

Surprisingly, the bent or convolved tips often produced 
decent scanning tunneling microscope images-r-of compara¬ 
ble quality with images produced by "pointed” tips, such as 
the one in Fig. 3. Subjectively, the pointed tips may have 
produced slightly sharper scanning tunneling microscope 
images, but the variation of image quality for various point¬ 
ed tips was comparable with the differences between images 
for pointed and bent tip? 

In contrast, tips that were crashed clumsily into the sur¬ 
face no longer produced images. (Controlled and gentle 
crashes, however, car leave the tips capable of forming sub¬ 
sequent images.") 

V. CONCLUSIONS 

Thus we conclude that the best tungsten tips are formed 
when only a small portion of the wire is suspended in the 
etchant, and s', at the sharpness of a tip on the - 10-um scale 
of. 'canning electron microscope image may not be a good 
indicator i f tip imagine quality. Nevertheless, as a matter of 
good experimental practice, bent tips should be avoided, and 
so only a small portion of the tungsten wire 'hould be sub¬ 
merged during the etching process. 
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The electronic structures of I:iN, In,Ga,_,N, and In^Ali-^N are predicted and these materials 
are found to be dircct-band-gap semiconductors with fundamental band gaps-ranging from orange 
through the blue-green to the ultraviolet. The deep levels ass ociated with substitutional j- and /s 
bonded impurities are predicted, and, for InN we find (i) that the native defect responsible for natu- 
raliv occurring n-type InN -a,nitrqgen vacancy (not N|j,);..(ii)-that the.i.urogeh vacancy,ajso pro¬ 
duces a deep level just below the conduction band edge, which is a ponsible for an observed 0.2-eV 
optical-absorption feature: .(iii) that p -:ype doping should be ach! .aclr by luserting column-II im¬ 
purities on In sites; (iv) that n-type conductivity should result from oxygen atoms o.,N sites; (v) that 
In A produces s- and p-like deep levels near midgap that are responsible for an optical-absorption 
feature near 1 eV; (vi) that column ’V impurities on either anion or cation sites will tend-to make 
the material semi-insulating, and (vii) th?t an isoelectronic electron trap should be produced by B ln , 
whereas column-V impurities on 'hc N sire should produce deep isoelectronic hole traps. Similar 
results hold for the alloys In,Ga|_,N and In, A1,_,N. Some impu ities undergo shallo.v-deep tran¬ 
sitions in the alloys, as functions of alloy composition. 


I, INTRGDl'CTIOb 

High-mobility InN has recently been grown in a poly.- 
crystalline hexagonal structure. 1,2 The band gap of this 
material is direct and the optical absorption threshold lies 
in the orange portiot. of the visible spectrum (the band 
gap-plus the Purstein shift is 2.05 eV). This is an exciting 
experimental r.-- .ult for at least two reasons: (i) the high 
mobility se.g.-v.sts that electronic-grade material may 
eventually be Itmricated, and (ii) the orange color indi¬ 
cates that IhN and alloys based on InN could be candi¬ 
dates for efficient semiconducting large-band-gap visible- 
light emitters and lasers. Until now much of the em¬ 
phasis on developing large-band-gap visible solid-state 
light emitters has focused on II-Vl compound semicon¬ 
ductors. materials that in many cases have proven 
difficult to dope both n type and (especially) p type 2 and 
hence do n< t form good diodes, nwh less light-emitting 
diodes. The origin of the 11-VI compound doping prob¬ 
lem is often ascribed to "self-compensation"—common 
dopant' purportedly c istort olf site and produce accom¬ 
panying vacancies which compensate them. 4 It is widely 
believed that such self-compensation problems do not 
plague 11I-V compound semiconductors, and so the ex¬ 
istence of the isoanionic semiconductors InN. GaN, and 
AIN, all v ith large band gaps [2 eV lorangd. 3.5 eV (ul¬ 
traviolet!. and 6 eV (ultraviolet), respectively], raises the 
rossri'ity of fabricating alloys whose band gaps range 
from the orange to the ultraviolet. 

Assuming that the problem of growing electronic- 
g'ade material can be solved, there will remain five mai. r 
ctiteria that the material must meet: ti the baud gap 
must be the desired color (orange, blue, etc.): (ii) the band 
gap must be direct so that the crystal-momentum selec¬ 


tion rule governing light emission 5 will be satisfied; (iii) 
the material must be crystalline and, if it is an alloy, must 
be relatively st.ain free—because large strains produce 
dislocations, and dislocations tend to quench lumines¬ 
cence (as well as trap and scatter carriers and degrade 
mobility); 6,7 (iv) the materials must be relatively fret of 
deep levels in the band gap that might trap electrons or 
holes, leading to enhanced nonraoiative transition rates 
and luminescence degradation: and (v) schemes for dop¬ 
ing the material both h and y type must be found. The 
purpose of this paper is to piovide theoretical guidance 
concerning these five issues, in the hope of stimulating 
efforts to grow electronic-grade InN and InN-based al¬ 
loys. 

In Sec. II we discuss the band structures of (wurtzite' 
InN and alloys of InN and GaN and AIN. We show that 
these alloys can be described by the viuu.il-crvstal ap¬ 
proximation, havc-d'rect band gaps that range from the 
orauge to the ultraviolet, and should be relatively strain 
fra because they are moderately well lattice matched. In 
Sec III we discuss the deep levels associated with s- and 
p-bonded substitutional impunities iii InN, with particu¬ 
lar emphasis on th;. native dt\-cts (i.e.. vacancies and an¬ 
tisite defects) and the dopants from columns II. IV. and 
VI of the Periodic Table. Section IV is devoted to a com¬ 
parable discussion for the alloys. Our conclusions are 
summa. izcd in Sec. V. 


II. BAND STRUCTURES 

The band structures are obtained using a nearest- 
neighbor tight-binding model of the electronic structures, 
based on the Slater-Roster*' theory. The re-tilting Hatnil- 
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for b -a or c (anion site or cation site). The oflf-diagonal 
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g|(k)= expl/( —k*a /3+k 2 a /2+k } c /$)] , 
g : (k)= exp[/(A:,a/3 — k 2 a/i+k 2 c/i)] , 
g J (k)= ! exp(—»3kjc/8), 

/ 0 (k) = exp( + ik | a) +1 + exp( -ik,a) , 

/ I (k) * exp( + ik | a )—[ 1 + exp(— ik 2 a )] /2 , 
/ + (k)*j[l + exp(— ik : a )], 

/_(k)=(i) l/J [l — exp i—ik 2 a )]. 


Here we have k = A: 1 b|+A: 3 b 3 + A: 3 b 3 :b 1 , where bu and 
b 3 are the_reciprocal-lattice vectors divided by 2~, name¬ 
ly ((2/v / 3)/a 1 0,0), ((l/v3)/a,l/a.O), and (0,0,1 /c>. 
respectively. The parameters of the Hamiltonian for 
AIN, GaN, and InN have been published." 11 and are 
reproduced in Table I, along with the wurtzite lattice 


constants a and c, and the c/a -atio. Since the c/a ratio, 
to within 2.1%, is the ideal value of (x) l/2 > we simplify 


the model by assuming the ideal value. 

The band structures of the alloys are obtained in the 
virtual-crystal approximation.’ 2 We implement the 


TABLE I. Tight-binding parameters un cV» for AIN, GaN, 
and InN in the notation of Ref. 12. Parameters aie taken from 
Ref>. 9.10. and 11, respectively._ 



AIN 

GaN 

InN 

E(s.a) 

-12.104 

-13.114 

-4.984 

Eip.u i 

3.581 

1.269 

0.565 

Etr.c) 

-0.096 

—1.786 

0.254 

Elp.c) 

9.419 

7.13! 

3.895 

f(\..\> 

-10.735 

-9.371 

-3.841 

ri.w.vi 

5.808 

3.008 

1.347 

r«.v.r« 

8.486 

6.535 

3.033 

I't \a.pci 

8.092 

4.889 

1.595 

\‘\pu.sei 

9.755 

10.S67 

4.000 

u 

3.104 

3.180 

3.5.'3 

r 

4.963 

5.166 

5.693 

c/a 

1.599 

1.635 

1.611 
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FIG. I Predicted band structure -of In fl , M) G« 0 . w N. The 
direct energy-band gap lies in the blue-green part of the spec¬ 
trum. 


virtual-crystal approximation by taking weighted aver¬ 
ages of the matrix elements. For example, in the case of 
In,Ga|_,N, we average the various diagonal matrix ele¬ 
ments £, 

£( In, Ga, N )=*( !—.<)E(GaN )+.*£( InN) . 

The otf-diagt ual matrix elements V, multiplied by the 
square of the bo : .d length d. are also averaged this way 
(according to Hu. i ison's rule 13 ), with the bond length ob¬ 
tained from Vegard’s law, 14 

d(in x Ga,_.,N)*(l-x)d(GaN)+;;d(InN). 

Thus we assume that virtually all of the In and Ga atoms 
occupy cation sites, while anion sites are overwhelmingly 


In x Gai- x N 



GoN x InN 

FIG. 2. Energies of principle conduction-band minima vs al¬ 
loy composition for In t .,Ga,N. The symmetry points H, K , L, 
SI, .-t, and T have the usual Brouckaert-Smoluchowski-Wigner 
definitions (Ref. 15). 



FIG. 3. Energies of principle conduction-band minima vs al¬ 
loy composition for In t _,Al,N. 


occupied by N. The lattice mismatch, l-d(GaN)/d 
(InN), is 9.3%; the corresponding mismatch for AIN and 
InN is 12.8%. u 

The resulting predicted band structure for 
Ino. 4 oGao.wN is given in Fig. 1. In^Ga^N is a direct- 
band-gap semiconductor :or all compositions x, and has a 
band gap ranging from 2 cV for InN to 3.5 eV for GaN. 
The principal features of the predicted band structures of 
I^Ga^N and In,Al|_,,N, namely the energies of the 
T, A, M, L, X, and H conduction-band minima, 15 are 
plotted as functions of alloy composition x in Figs. 2 and 
3. 

The principal conclusion to be drawn from ’hese calcu¬ 
lations is that In,Ga._,N and In T Al t _ x N should be 
direct-band-gap semiconductors and hence potential light 
emitters for all compositions x. 

Ill, DEEP LEVELS IN InN 
A. General considerations 

Every .t- and p-bonded impurity produces both deep 
levels associated with its central-cell potential and shal¬ 
low levels caused by any nonzero valence difference be¬ 
tween the impurity and the host atom it replaces (al¬ 
though the “deep” levels often do not lie in the funda¬ 
mental band gap as once believed, but often can be reso¬ 
nant with the host bands). The deep levels can be com¬ 
puted using the theory of Hjalmarson et al . 16 The one- 
electron Schrodinger equation for the deep levels E can 
be rewritten, 

det[l-G n (£)K]=0 , 

where G 0 (£) is the host Green’s-function operator, 
G 0 =(E-ff 0 r' , 

and H a is the Hamiltonian operator that generates the 
band structure of the host. £ is assumed to have a posi- 
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tive imaginary part whenever £ it not in a band gap. The 
defect potential is V =//—//„, where H is the Hamiltoni- 
an of the crystal with an impurity. 

If we follow established custom 16 and (i) neglect the 
weak long-ranged Coulomb potential responsible for shal¬ 
low levels, and (ii) ignore lattice relaxation around the 
impurity (effects of order 0.1 eV), the defect potential Kis 
diagonal in a basis of localized Lowdin orbitals centered 
at the impurity site, and the secular equation for the ener¬ 
gy levels reduces to two 17, '* scalar equations, 

<?*,<*>- l/V„ C e ,(£)-1/^. 

Here,<G. 4| (£) and G £ ,(£) are the host Grc..fs functions 
for the .r-like A , and p-like £, states,. 17 respectively, and 
l' t -and V p are the defect potentials for the 5-like and o- 
like states, respectively. 

Using the scaling rules for the matrix elements!of H 0 , 
namely that diagonal matrix elements depend on atomic 
energies, whereas off-diagonal matri.', elements vary in¬ 
versely as the square of the bond length, ! l,l,,l!9 we find 
that 

and 

where u) /tMnp and ay h01 , are atomic-orbital energies in the 
solid 19 for impurity and host, respectively. We have 
0, *0.8 and 0 p - 0.6. These equations can be solved for 
deep levels of energy £ in the fundamental band gap by 
computing the Green's function G,(£) and plotting £ 
versus [G / (£)] _, = I*. 

B. Native defects 

The first question the theory should answer is “Why is 
InN n type?” Tansley and Foley 1 had speculated some 
years ago that the n-type behavior is caused by an antisite 
defect: N on an In site (N ln ), which they had suggested 
might be a double donor. However we find that this de¬ 
fect produces both 5-like and p-like 17 deep levels deep in 
the gap (see Fig. 4)—closer to the valence-band edge 
than to the conduction-band edge. 

The 5-like state is occupied by the two extra N elec¬ 
trons and is too far from the conduction-band edge to be 
thermally ionized—even if one makes allowances for a 
few-tenths-of-an-eV theoretical uncertainty in the pre¬ 
dicted deep levels. The p-like states are far from the band 
edge, empty, and together can trap six electrons. (Of 
course, Coulombic charge-state splitting, omitted from 
the model, will raise these neutral-impurity levels as each 
additional electron is added. 20 ) Thus N )n is a deep trap 
for both electrons and holes: its natural occurrence in 
InN cannot explain the material's n-type character. 

The In N - antisite defect produces deep 5-like and p-like 
levels near the center of the gap (Fig. 4). Six electrons oc¬ 
cupy the lowest of the eight spin orbitals associated with 
this defect, making the neutral defect unquestionably a 
deep trap for both (two) electrons and (six) holes. Thus 
In N can compensate N in , but does not dope InN either it 


InN 





Va N Hi Vo In N ln 


FIG. 4. Energy levels and electron occupancies of neutral na¬ 
tive defects in InN. Holes are denoted by open circles and elec¬ 
trons are denoted by solid circles. For the nitrogen vacancy, 
Vs. the electron : n the level resonant with the conduction band 
decays to the band edge, where it becomes a shallow-donor elec¬ 
tron. The energies of levels<resonant with the host bands are 
merely schematic, arecnot to be taken as quantitative, and are 
merely to illustrate that there are resonances in the bands. 


type or p type. 

Neither antisite defect can explain the observed n-type 
character of InN. 

The theory for In v does provide a simple and natural 
explanation for the optical absorption data of Tansley 
and Foley: 2 They find a deep level Ir n-type InN. with p- 
like character lying - 1 eV below the conduction-band 
edge, which they attribute to an ln N antisite defect. Our 
theory (Fig. 4) does seem to be in excellent agreement 
with their data. 

The In-site vacancy Va,„ (Fig. 4) produces 5-like and p- 
like levels near the valence-band maximum, with the s- 
like level doubly occupied and the p-like neutral vacancy 
level containing three electrons and three ho!.... The 
theory, taken literally, places the p-like level in the gap, 
where it can trapboth electrons and holes, and the 5-like 
level in the valence band. (It<is conceivable that the p- 
like level actually lies below the valence-band maximum, 
in which case the In vacancy would be a triple shallow 
acceptor, because the holes would bubble up to the ‘ 
valence-band edge.) Clearly, the In vacancy cannot ac¬ 
count for the observed n-type character of InN either. ; 

The N vacancy can (Fig. 4). (Tansley and Foley have , 
also speculated that the N vacancy might be the defect 
responsible for the natural n-type chaiacter of InN. 21 ) N 
produces an 5-like level (containing two electrons) near 
the conduction-band vdge and a p-like level (containing 
one electron) above the conduction-band edge. Since the 
p-like level is resonant, its electron is autoionized, decays 
to <he conduction-band edge, and dopes InN n type (one 
electron per vacancy). It is also possible that the 5-like 
deep states lie a bit higher than predicted 'not in the gap) 
and are resonant with the conduction band, donating j 


i 
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their electrons to the conduction band. In this second 
case the N vacancy would be a triple donor. Thus we 
conclude that the N vacancy is most likely responsible for 
the n-type behavior of InN, and is most likely a single 
donor (but possibly donates three electrons to the con¬ 
duction band'. Moreover, the nitrogen vacancy, if it is a 
simple dcnor with its s-like deep level in the gap just 
below the conduction-band edge, provides a natural ex¬ 
planation of the 0.2-eV feature in the Tansley-Foley opti¬ 
cal absorption data. :: Thus we propose that the N va¬ 
cancy both dopes InN n type and produces a deep level 
0.2 eV below the conduction-band minimum which has 
been detected in the optical absorption. 

Another defect possibly responsible for the n-type 
character of InN is oxygen on a N site, which is not a na¬ 
tive defect, but is nevertheless likely to be present in 
significant concentrations (Fig. 5). 

C. Dopants 
1. ptypt 

Since InN occurs n type naturally, the central question, 
concerning doping is whether it can be doped p type. If, 
as we predict. InN is naturally n type because of N va¬ 
cancies, then p-type material must be relatively free of 
these vacancies or contain a sufficiently large number of 
acceptors to compensate them. 

The best candidate for an acceptor is a column-II im¬ 
purity on an In site (Fig. 6). Such an impurity will be a 
shallow acceptor in the classic sense. There is a problem 
with ordir.. •'cceotors in InN, however, because this 
large-band-gap ov.. * ‘tor should have a moderately 
small dielectric constant, estimated to be f»8.3,” and a 
rather large (calculated) valence-band effective mass, 
m**l.6,” causing the acceptor’s effective-mass-theory 
binding energy to be rather lar^e, ~0.3 eV. Thus unless 
these crude estimates of m */r are too large by a factor 



FIG. 5. Energy levels and occupancies of neutral column-VI 
impurities on the N site in InN. Electrons are denoted by solid 
circles. All column-VI impurities on the N site are predicted to 
be donors. The extra donor electron is denoted by a solid circle 
in the conduction band. 


InNjGoNjAtN: cot ion 9 it* 


OOOCCO' 400000' '.COOOCO 



I III II III i:i III B In 


FIG. 6. Energy levels and occupancies of neutral impurities 
from columns I, II, and III on the cation site and B on the In 
she in InN, GaN.and AIN. Holes are denoted by open circles. 
All column-II impurities on the III site are predicted to yield 
shallow acceptors. Column-I impurities are predicted to yield 
double acceptors. Isoelectronic impurities on the III $ite>are 
predicted to be inert, except fot-B|„ in InN only, which is pre¬ 
dicted to be a trap. 

of 3 or more, the shallow-impurity binding energy is large 
enough to inhibit thermal ionization of holes at room 
temperature. Ultimately, the fact that the shallow- 
acceptor binding energy is. so large, not the purported 
difficulty of incorporating shallow acceptors, may be the 
reason InN cannot be fabricated sufficiently p type. 

; Column-IV impurities on the N site will very likely not 
produce shallow acceptors, but instead will produce both 
s-like (except perhaps for C) and p-like deep levels in the 
fundamental bund gap—with one hole and live electrons 
in the upper (p-like) level and two electrons.in the s-like 
level (Fig. 7)—except for Pb, which has its s-like and p- 
like levels reversed. Thus neutral co!umn-IV impurities 
on N sites are deep traps for both electrons (one) and 



Ui 


0.0 


. . 


C N Si N <*N S"N ^ 

FIG. 7. Energy levels and occupancies of neutral eolumn-IV 
impurities on the N site in InN. 










3322 


DAVID W. JENKINS AND JOHN D. DOW 


39 


holes (five). 

We also note that the In vacancy, if its p-like level ac¬ 
tually lies below the valence-band maximum, could dope 
InN p type (see Fig. 4). 

2. n-type 

For n-type doping, the best candidate, other than the 
N vacancy, is oxygen or some other chalcogen on a N 
site. Oxygen produces no deep levels in the fundamental 
band gap, and so is a classic shallow donor (Fig. 5). Neu¬ 
tral $, Se, and Te, in addition to producing the shallow 
donor, each also yield a p-like fully occupied deep level in 
the gap, which is driven up from the valence band be¬ 
cause the s atomic-orbital energies of S,Se, and Te are 
higher than that of N. :J 

Column-IV impurities on the In site are not good can¬ 
didates for donors, since they are predicted to have s-like 
deep levels in th-. gap, and so, when neutral, could "either 
trap electrons or holes (Fig. 8). The predicted s-like lev¬ 
els for Pb and possibly Sn arc Jose enough to the 
conduction-bund edge that, allowing for a small uncer¬ 
tainty in the theory, these levels could lie resonant with 
the conduction band, and so could conceivably lead, to 
shallow-donor behavior. 

Thus we predict that the best dopants for InN are 
column-11 impurities on the In site for p-type doping, and 
either a vacancy or oxygen on the N site for w-type dop¬ 
ing. Column-IV dopants on either or both sites will tend 
to produce semi-insulating material. 

D. Isoelectronic impurities 

Isoelectronic irrq • rities, namely impurities from the 
same column of the Periodic Table as the host atom they 
replace, are normally thought of as electronically inert. 
Rather spectacular counterexamples to this thinking are 
the N isoelectronic traps in GaAs,?!-, and 
Al t _ t Ga,As alloys, electron traps which play major 
roles in localizing electrons and enhancing the intensity 



C In Si In Gfc In Sn Irt ^In 


FIG. 8. I'.iiergy lev *\ uni 1 occupancies of nctiirul column-!V 
impurities on the In site in InN. 


of recombination radiation. 

Isoelectronic impurities (unlike heteroelectronic 
donors and acceptors) can often trap one carrier without 
repelling a carrier of opposite sign, as in the case of N P in 
GaP, which traps an electron—and the electron is subse¬ 
quently able to capture a hole and to form an impurity- 
bound exciton. 

In InN, according to the theory, neutral B on an In site 
produces such an isoelectronic trap, an s-like level slight¬ 
ly below the conduction-band edge (Fig. 6). (The p-like 
level of B is predicted to be resonant with the conductin'* 
bund.) The remaining In-site isoelectrt.aic traps ure elec¬ 
tronically inert, according to the theory, with their deep 
levels all being resonant. 

On the N site, the Bi and Sb isoelectronic impurities 
produce both 5-like and p-like deep levels in the band gap 
(fully occupied by electrons for the neutral defect) and 
hence are deep hole traps (Fig. 9). Similarly, As and P on 
the N site have (full) p-like deep levels in the gap. while 
their (full) 5-like levels lie just below the valence-band 
maximum. They too are deep hole traps. 

One of the interesting features of these isoelectronic 
traps is that they bind one carrier in a localized orbital, 
and so can bind an exciton by binding one carrier which 
binds the second through the electron-hole interaction. 
For example, B )n can bind an electron which, in turn, can 
bind a hole. Similarly, Bi s , Sb s , and As s , or 1\, can 
bind a hole which can attract an electron. By localising 
an exciton this way, an isoelectronic trap can enhance the 
intensity of the recombination luminescence, because the 
recombination rate for a localized state is generally much 
larger than for a delocalized state. 

E. Other deep 'cvels 

Impurities two or more columns of the Periodic Table 
distant from the host atom they replace tend to be rather 
insoluble; nevertheless, their solubilities are not zero, and 
we include their predicted deep levels here for complete¬ 
ness. 


InN: N site 



FIG. Energx levels mill oeeupmieievofiieim.il ivoctectron- 
to ii.ipii'ine.v on the N Mte in InN". 
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FIG. 10. Energy levels und occupancies of neutral column-V 
impurities on the In site in InN. 


FIG. 13. Energy levels and occupancies of neutral column-I 
impurities on the N site in InN. 
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FIG. 16. Energy levels and occupancies of neutral column- 
VII impurities on the N site in InN. 

On the In site column-1 and -II impurities are double 
acceptors and single acceptors, respectively, with their s 
and p deep levels in the conduction band (see Fig. 6). The 
column-V impurities produce deep traps: doubly occu¬ 
pied deep s levels in the gap and empty p levels that are in 
the gap for P )n and As ln but in the conduction band for 
Sb ln and Bi It (Fig. .0). The column-VI impurities (Fig. 
11) produce doubly occupied s levels deep in the gap plus 
singly occupied p levels that are deep in the gap, except 
for Te (which should produce a shallow donor!). The 
halogens <. n the In site should produce deep s and p levels 
in the gap (Fig. 12). 

On the N site, columns-I, -II, and -III imparities all 
produce s-Iike and p-like deep levels in the gap of InN, all 
at about the same energy (Figs. 13-15). Column-VII im¬ 
purities (Fig. 16) are all double donors, except possibly 
for F, which the theory predicts to be inert (which, 
within the theoretical uncertainty, may also be a double 
donor). 

IV, DEEP LEVELS IN In,Ga,_,N AND In,Al,_,N 
A. Doping anomalies 

The deep levels in the alloys In x Ca ( _ x N and 
In x Al._ v N are similar to those in InN. As functions of 
alloy composition they vary in energy rather smoothly. 
In many cases deep levels that lie in the fundamental 
band gap for InN move out of the gap as a function of al¬ 
loy composition and lie resonant with the host bands of 
GaN or AIN. When this happens, the character of the 
impurity changes <e.g., from a deep trap to a shallow 
donor) and a “doping anomaly" occurs. 

There are two common types of doping anomaly: (i) 
false valences, and (ii) deep-shallow transitions. 

False valences occur when, as a function of alloy com¬ 
position. a deep level completely crosses the fundamental 
bu::d gap. False valences do not occut in ln v Ga,_ v N or 
In v Al,_ v N, but. to understand the concept of a false 
valence, suppose that the s-like level of Si on a cation site 
(Fig. 8) were to descend from the conduction bund of 


GaN through the gap to the valence band of InN tit does 
not). Then the hole in the deep level wouid bubble up to 
the valence-band maximum, and neutral Si would become 
a single acceptor rather than a deep trap for both elec¬ 
trons aii-i holes, and would have a false valence of — 1 in¬ 
stead of its normal valence (+1) with respect to the 
column-111 cation. The reason false valences do not 
occur in In x Gaj_ A N or In,Al|_,N is that the vacancies 
have both s-like and p-like levels n. or very near the fun¬ 
damental band gap (Fig. 4). Since the vacancies corre¬ 
spond to infinite defect potent.als, 2 ' they separ. te the im¬ 
purity levels that originate from the conduction band 
with finite defect potentials from those that come from 
the valence band—and, if the vacancy levels lie in the 
gap for all alloy compositions, prevent impurity levels 
from crossing the gap. 

Deep-shallow transitions occur when a deep level in 
the gap moves out of the gap (as a function of.*). Consid¬ 
er, as an example, a column-IV impurity such as Si on a 
cation site in In x Ga,_ A .N. In InN, neutral Si on an 'n 
site produces an s-like deep level in the gap occupied by 
one electron and one hole (Fig. 8). Therefore r .utral Si),, 
is a deep electron and h ile trap in InN, but in GaN or 
AIN, Si on r cation site produces n s-like level degen¬ 
erate with the conduction band (Figs. 17 and 18). The 
electron that occupied this-level in InN is autoionized in 
GaN or AIN and falls to the conduction-band edge 
(where the long-ranged Coulomb potendal omitted .n this 
paper traps the electron in a shallow-donor state). As a 
result cation-site Si in GaN or AIN i: a shallow-d-nor 
impurity: its ground state has the extra electron in a 
shallow level (whereas in InN this extra electron occupies 
a deep level). For some intermediate alloy composition 
between InN and GaN, the deep level of Si,„ in InN 
passes through the conduction-band edge, and the Si im¬ 
purity changes its character from a deep trap to a shallow 
donor (Fig. 19). 

The predicted dependences on alloy composition x of 
substitutional deep levels in In^Ga^^N ore displayed in 
Figs. 19-22. 



Cqo S1 Ga 6e Ga 


FIG. 17. Energy levels and electron occupancies of neutral 
column-IV impurities on the Ga site in GaN. 
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FIG. 18. Energy levels and electron occupancies of neutral 
column-IV impurities on the A1 site in AIN. 


The principal deep levels for substitutional defects in 
GaN and AIN are given in Figs. 17 and 18 and 23-30. 
The variation with alloy composition x of deep levels in 
In x Al t _ x N is given in Figs. 31-34. In many cases, the 
qualitative level structure for a specific impurity on a 
given site is the same for all alloy compositions of 
In x Ga,_ x N and In x A:,_ x N (e.g., for oxygen on an anion 
site), and no deep levels cross either the valence-band or 
cjnduction-bahd edge as alloy composition is varied. In 
such cases, the qualitative doping character of the defect 
does not change, although its quantitative energy levels 
do, according to Figs. 19-22 and 31-34. Here we focus 



0.0 OS 1.0 

X 

FIG. 19. (s-like) defect levels vs alloy composition x for 
impurities on the cation site in Ini_ x Ga x N. Levels for impuri¬ 
ties from columns V, VI, and VII are completely tilled, levels for 
impurities from column IV have one electron and one hole, and 
levels for isoelectronic impurities are unoccupied by electrons. 
Other impurities are acceptors. 


FIG. 20. £ : (p-like) defect levels for impurities on the cation 
site : n In t _,Ga t N. Only level; for impurities from columns VI 
and VII are partially filled by electrons; other impurity levels 
are unoccupied. 


on those defects whose qualitative characters do change 
with alloy composition, defects that undergo deep- 
shallow transitions. 

B. Native defects 

The antisite defects, N on a cation site and a cation on 
;a N site, have the same qualitative level structures in 
GaN and AIN, but a diil'vrent one in InN (Figs. 4,23, and 
27). In InN the (neutral).N ln defect has both a filled (dou¬ 
bly occupied) s-like level and an empty p-Iike deep level in 
the gap. The p-like level is in the conduction band for 
GaN and AIN; Thus N !n is a deep trap for both electrons 



x 


FIG. 21. A | (s-like) defect levels for impurities on the N site 
in In|..,Ga,N. All the levels shown are occupied by two elec¬ 
trons. 
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FIG. 22. E j (p-like) defect levels for impurities on the N ; site 
in Ini-.,Ga,N. Levels due to impurities which hire fewer 
valence electrons than N, such as Si, are partially occupied by 
electrons and trap both electrons and holes. Impurities which, 
have more valence electrons than N, such as 0, are donors: 
their levels aie completely occupied by electrons and have extra 
electron in the conduction band. 

and holes, whereas neutral N Ga in GaN and N Ai are 
deep-holetraps. 

The cation-vacancy p-like level is barely in the gap for 
InN and GaN, and deep in the gap for AIN (Figs. 4, 23, 
and 27), whereas the s-like level is resonant with the 
valence band for InN and GaN, but in the gap for AlN. 
This vacancy, when neutral, can trap either electrons or 
holes. 

The N vacancy is a shallow donor in InN and GaN 
(Figs. 4 and 23). with its p-like level in the conduction 
band and its s-like deep level doubly occupied in the gap. 
In AIN the p-like level lies in the gap (Fig. 27), making 
the neutral N vacancy a deep electron trap. 


GoN r N site 



FIG. 24. Energy levels and electron occupancies of neutral 
column-VI impu r itics on the N site in GaN. 



FIG. 25. Energy levels and electron occupancies of neutral 
column-lV impurities on the N site in GaN. 



FIG. 23. Energy level' and electron oceupainie> of neutral 
native defects in GaN. 


FIG. 26. Energy levels and electron occupancies of neu'—i 
isoelectronic impurities on the N site in GaN. 
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FIG. 27. Energy levels and electron occupancies of neutral 
native defects in AIN. 



FIG. 30. Energy levels and electron occupancies of neutral 
isoelectronie impurities on the N site in AIN. 




FIG. 

column- 


28. Energy levels and election occupancies of neutral 
VI impurities on the N site >n AIN. 


FIG. 31. <d| (.r-!ike) defect levels for impurities on the cation 
site in In, _, AI, N. 
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29. Energy levels and elect imi occupancies of neutral 
IV impurities on the N site in AIN. 



FIG. 32. >/?-like> defect levels for impurities on the cation 

sue in In, > Al v N. 
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FIG. 33. A | (5-like) defect levels for impurities on the N site 
in Ini_,Al*N. 


C. Donors and acceptors 

Column-II impurities on cation sites are ordinary ac¬ 
ceptors in InN, GaN, and AIN (Fig. 6). Column-I impur¬ 
ities are double acceptors. 

Column-VI impurities on anion sites are ordinary 
dojiors, but S, Se, and Te each have a fully occupied deep 
p-like level deep in the gap for InN, and barely in the gap 
for GaN and AIN. (This level is in the valence band for 
oxygen.) See Figs. 5, 24, and 28. 

Column-IV impurities on a N site each produce a deep 
electron and hole trap due to a p-!ike deep level in the 
gap (occupied by one hole and five electrons for the neu¬ 
tral defect) in InN, GaN, and AIN (Figs. 7, 25, and 29). 
The filled 5-like deep level is also in the gap for InN (ex¬ 
cept for C), but not for GaN or AIN (See Figs. 7, 25, and 
29). 



FIG. 34. A\ Ip-like) defect levels for impurities on the N site 
in lit! ,AI,N. 


Column-IV impurities (except C) on the Ga site in 
GaN and the A1 site in AIN produce shallow donors 
(Figs. 17 and 18). In InN (Fig. 8) they, produce 5-like 
deep levels in the gap: Indeed, the p-like deep level of 
C 1H even lies well in the gap of InN, while the 5-like levels 
of neutral carbon are predicted to be deep electron and 
hole traps for alloys of InN, GaN, and AIN. 

D. Isoelectronic defects 

The isoelectronic defect B on a cation site produces an 
5-like deep level in the gap of i. N, but this level is in the 
conduction band of GaN and AIN (Fig. 6). Thus with 
decreasing x in In x Ga,_ x N or Al A Ga,_ x N, B undergoes 
a deep-inert transition (Figs. 19 and 31). (The isoelect¬ 
ronic impurity has no long-ranged Coulomb potential 
and hence no shallow-levels; thus it becomes inert rather 
than shallow when its deep levels are all resonant with 
host bands.) The other column-III isoelectronic defects 
are inert in InN, GaN, and AIN. 

Column-V impurities on the N site (except N) all pro¬ 
duce occupied p-like levels in the gap and are hole traps 
in InN, GaN, and AIN (Figs. 9, 26, and 30). In addition, 
Bi and Sb in InN have occupied 5-like levels in the gap 
for InN. (These levels descend into the valence bands of 
GaN and AIN.) 

V. SUMMARY 

We have predicted the electronic structures of InN, 
In x Ga!_ x N, and In v Al,_ x N, and find that these materi¬ 
als exhibit direct band gaps ranging from orange to ultra¬ 
violet. We find that the N vacancy, not the antis're de¬ 
fect N in , is primarily responsible for InN’s n-type charac¬ 
ter as grown. We propose that the nitrogen vacancy is 
also responsible for the 0.2-eV absorption feature and we 
confirm the Tansley-Foley suggestion that In N is respon¬ 
sible for the absorption attributed to the midgap defect 
level. We predict that column-II impurities on cation 
sites should produce p-type behavior, while column-IV 
impurities should yield semi-insulating properties. B on 
an In site in InN should produce an isoelectronic electron 
trap, while column-V impurities on the N site should 
yield hole traps. However, the shallow-acceptor binding 
energy may be too large to permit thermal ionization of 
large numbers of holes, and it may be difficult to prepare 
these materials with high concentrations of positive car¬ 
riers. Various deep-shallow and deep-inert transitions 
occur in the In v Ga ( _ t N alloy system. We conclude that 
In 0 .;,Ga (l W ,N and In„_ s jAl (li;; N, if these materials can be 
successfully grown, should produce blue-green lumines¬ 
cence, and should be dopable, both n type and p type— 
although the shallow-acceptor binding energy mu; be so 
large as to limit the nu ober of holes in the valence band. 
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The derivatives with respect to hydrostatic pressure are predicted for deep levels associated with 
s - and p-bonded impurities in Si, Ge, AlP, AlAs, AlSb, GaP, GaAs, GaSb, InP, InAs, InSb, and 
ZnSe. It is shown that by. combining data, both for deep levels and for their hydrostatic-pressure 
derivatives, with theory it is often possible to determine (i) the site of the impurity, (ii* the symmetry 
of the deep level, and (iii) a quite small number of substitutional s- and p-bonded impurities that 
could be responsible for the data. We use this method to argue that the deep levels observed by Ala- 
dashvili cl al. in InSb to lie in the interval between 0.1 and 0.15 eV above the valence-band max¬ 
imum are pr-baMy -symmetric levels associated with C ln and/or antisite Sb|„ tor levels associat¬ 
ed with defect complexes involving these defects). 


I. INTRODUCTION 

« 

Several years ago, deep levels were defined as impurity 
states in semiconductors whose energies were more than 
0.1 eV from a nearby band edge—namely levels that 
were not thermally ionized at room temperature. More 
recently this definition has been revised as a result of the 
recognition that deep levels can, when perturbed, cease 
being energetically deep in the gap and can actually pass 
into a band where they become resonances. The current 
definition of a deep level is one that is caused by the 
central-cell potential of the defect. 1 In fact, all s- and p- 
bonded substitutional impurities in zinc-blende semicon¬ 
ductors produce typically four such deep levels in the vi¬ 
cinity of the fundamental band gap: one s-like ( A , sym¬ 
metric) and one triply degenerate p-like (7\) level. These 
deep levels, more often than not, are resonances that lie 
outside the band gap, and hence are not "deep" by the 
old definition. 

Despite the fact that various theories of deep levels 
have been developed/ 4 beginning with the classical pa¬ 
per by Lannoo and Lenglart on the levels associated with 
the Si vacancy, 5 the theories generally have not been cap¬ 
able of identifying a particular impurity from the energies 
of its observed deep levels in the fundamental band gap. 
This is due only in part to the fact that the best theories 
of deep levels have theoretical uncertainties of a few 
tenths of an eV for their level predictions. 

Ren et alf following the "deep-level pinning" ideas of 
Hjalmarson et air . showed for substitution:,; .s- and p- 
bonded point defects on a site that all deep levels in the 
band gap with a particular symmetry haw almos' (he 
same wave function—independent of the defect (see Fig. 
I). This notion was confirmed .xperimentally by various 
electron-nucleon double resonance (ENDOR) measure¬ 
ments of deep-level wave funs'ions in semiconductors. ' ,l< 
Thus, no experiment that probes only the valence elec¬ 
tronic properties of a deep level is capable of easily identi¬ 
fying the impurity responsible for the level: it is neces¬ 
sary to probe the nucleus [e.g.. with ENDO” (Ref. 71] or 
the core [e.g., with extended x-ray-absorption fine struc- 
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ture (EXAFS) (Ref. 9)] to achieve such a unique 
identification. 

The situation has been further complicated due to the 
demonstration by Sankey et al . 10 that extended substitu¬ 
tional def cts often have almost the same deep-level ener¬ 
gies as their constituent isolated impurities. Thus analy¬ 
ses of observed energy levels are unlikely to reveal even if 
the defect producing the level is a point defect. (This 
complication is also a simplification, because it means 
that theoretically one need consider only isolated defects, 
since defect complexes have, to .a good approximation, 
spectra which are the sums of their constituents' spectra.) 



FIG. i. Indium-s ic substitutional defect wave functions in 
InSb are shown as functions of deep energy level H. The on-ite 
wave funettor ( .4,.0,1 i/-) m Me notation of Ref. 6 and first- 
shell wave functions (.-I'.R.. t !•) (inward-directed hybrids 
(Ref. 6i| and (.-),,R,.2 t/>) [outward-directed hybrids iRef. <d) 
are shown by solid, dashed, and dashed-dotted lines, respective¬ 
ly. All these curves are nearly Hat and show that the deep d-- 
feet wave functions depend very little on their energy levels. 
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This insensitivity of deep impurity levels to the impuri¬ 
ty raises the question of how much information can be 
gleaned from simple electronic measurements of deep lev¬ 
els, such as measurements of their energies and pressure 
derivatives." In this paper, we show that (if we limit 
ourselves to s- and /^-bonded substitutional impurities in 
zinc-blcnde semiconductors) combined measurements of 
a deep level and its change with hydrostatic pressure can 
usually determine both the symmetry of the level and the 
site (anion or cation site) of its parent impurity. Further¬ 
more, we also show that the number of candidates for 
producing a particular deep level in the band gap can be 
reduced in number to only a few—and that this can be 
done even for impurities in a small-band-gap semiconduc¬ 
tor such as InSb, whose (low-temperature) band gap of 
0.23 eV is smaller than the uncertainty in most theories. 

II. THEORY 

Our theoretical approach is based on the model of elec¬ 
tronic structure of Vogl et a/., 14 the theory of deep levels 
of Hjalmarson et al.,' and the work of Ren et al . 11 on 
pressure effects. We note that Ren’s basic approach to 
pressure effects on deep levels in GaAs led to the target¬ 
ing several years ago of oxygen and the antisite defect as 
possible constituents of the defect ELI— and that the 
role of the ..ntisite defect is now generally acknowledged, 
while some (but not all) authors continue to believe that 
oxygen is also a constituent of ELI. Thus the basic 
theoretical approach of Ren et al. has a history of suc¬ 
cess, and we use that approach here for deep levels in 
other zinc-blende semiconductors. 

The deep levels E are obtained by solving the secular 
determinant 

det[l-G o (£)F]=0 . 

Here, G 0 (£) is the Green's function, which is real in the 
fundamental energy band gap 


G t) = l£-//„> '. 

The host Hamiltonian //„ is taken to be the nearest- 
neighbor empirical tight-binding model of Vogl et a/.’ 4 
which is a ten-band model capable of describing both the 
chemistry of s/r bonding and the indirect-gap energy 
band structure of semiconductors such as Si and Gal’, by 
virtue of its five-orbital tp * basis centered on each site. 
Expressed formally in terms of Lowdin orbitals*' 
i n,b, R) centered at the atom in unit cell R at site b ib 
denotes anion or cation) the Bloch-like tight-binding 
basis states are 

[ii.b, k) = .V- ' /J £e' kR j//.6,R(> • 

R 

Here, n runs over.r. .y*. and the three p states. In this 
basis, the host Hamiltonian is a 10/ 10 matrix for each 
wave vector k (see Refs. 14 and 16). By diagonalizing 
this matrix and obtaining its eigenvalues £(k,/.), namely 
the band structure, and its eigenvectors k,/.), namely 
the Bloch states, one can construct the Green’s-function 
operator 

G„(E)=2< Ik./.Xk.A )/[£-£(k,X)] . 

k./. 

The defect-potential matrix V is taken to be diagonal 
and centered solely on the impurity site in the Lowdin 
basis; this approximation is now well established, and 
corresponds to neglecting lattice relaxation around the 
impurity/ Coulombic charge-state splittings 17 are also 
neglected. Since any underlying theory for predicting the 
deep levels of a given impurity is only accurate to a few 
tenths of an eV, the omission of lattice relaxation and 
charge-state splittings doe- not appreciably increase the 
theoretical uncertainty. Following Hjuimarson et al.. : 
we approximate the diagonal matrix elements of Fon the 
impurity site as 


TABLE I. Exponents jj w < U,r=s,p,\') for the bonddength dependencies of the nearest-neighbor 
matrix elements. Exponents tj are obtained by fitting the observed pressure dependencies (Table ID of 
the direct bsnd gaps at f, L, and X, and the indirect gaps from L and X, to the valence-band maximum, 
using the least-squares method. 


9... 

'hr 

9.., 

9... 

V., 

Si 

3.000 

1.600 ' 

3.825 


3.327 

Ge 

4.400 

2.400 


2.500 

3.982 

AIP 

2.386 

1.637 

1.521 

1.247 

2.486 

AlAs 

3.205 

1.656 

2.398 

1.706 

3.214 

AlSb 

2.553 

4.249 

1.192 

3.272 

4.469 

Gal’ 

3.6»7 

2.MJ4 

1.630 

2.795 

2.841 

GaAs 

4.144 

2.3 M 

2.220 

2.596 

2.665 

GaSb 

4.044 

2.013 

1.634 

2.281 

1.245 

InP 

3.100 

4.443 

3.0)9 

2.361 

1.207 

InAs 

2.539 

2.812 

3.757 

2.825 

3.014 

InSb 

4.012 

2.987 

2.533 

2.751 

3.134 

ZnSe 

1.874 

1.185 

I.S38 

1.330 

3.185 
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TABLE II. Pressure coefficients of zinc-blende semiconductors (in meV/kbar). 


Semiconductor 

dE r /dp 

dE L /dp 

dE x /dp 

dE tr /dp 

dE xr /dp 

Si 

1.0 

6.2 

3.0 

5.5' 

-1.5 

Ge 

14.2 

7.8 

5.5 

5.0 

-1.5 

AIP 

t l.8 h 

5.21" 

-0.62" 

4.36" 

-2.2" 

AlAs 

12.6” 

6.27" 

0.58" 

4.82" 

-2.5" 

AlSb 

9.00 

7.5' 

4.0' 

6.4' 

-1.5 

GaP 

10.5 

5.8 

1.8' 

2.1' 

-1.1 

Gil As 

10.7 

'5.0 

4.6' 

5.5' 

-1.5' 

GaSb 

14.7 

7.5 

6.0 

5.0 

-1.5' 

InP 

8.5 

7.5' 

4.6' 

6.8' 

1.8' 

InAs 

10.15 

7.0 

3.5' 

4.8' 

-0.02' 

InSb 

15.5 

8.5 

,t 

6.0 

8.3' 

-l.P 

ZnSe 

7.0 

2.5' 

- 0.-3' 

1.4' 

-2.0' 


'Reference 20. 

"R.-D. Hong, S. Lee, and J. D. Dow (unpublished). 

‘Reference 21. All other experimental values are those cited in Ref. 20. 


V, =P,(w^ impurity)-to,(host)) , 
V f =/? / ,(u/ p (impurity)—host)) , 
and 


where the energies w,U =s or p ) are atomic-orbital ener¬ 
gies in the solid, 14 and /3, and are constants (0.8 and 
0.6, respectively 2 ). These approximations to the defect- 
potential matrix of a specific impurity, V, are needed to 
associate a particular deep-level energy E or pressure 
derivative dE/dp with the impurity. They are not neces¬ 
sary to obtain a relationship between dE/dp and E, how¬ 
ever, because this relationship depends only on the ex¬ 
istence of such a matrix V, not on our ability to accurate¬ 
ly predict the numerical values of its matrix elements. 

Hydrostatic pressure does not affect the defect poten¬ 
tial within the context of the Hjalmarson model, because 
the defect potential does not depend on the tond length. 
It does alter the off-diagonal two-center matrix elements 
of the host Hamiltonian H 0 , however, because these ma¬ 
trix elements depend on the bond length d\ 

H ur =H?jdd n /d )’' ,J -. 

Here, and U lr UJ'=x, p, and s*) are the off- 
diagonal matrix elements corresponding to the bond 
lengths d () and d, respectively; d () is the zero-pressure 
bond length; the finite-pressure bond length d is obtained 
from the hydrostatic pressure p by using Mumaghan’s 1 * 
equation of state 

p ={B {) /(dB i) /dp))[{d l) /d )^ H,,/J ''-I ] ; 

and ijij’ are exponents with values near 2, according to 
both Harrison |g and Vogl et al . 14 We have obtained, by 
trial and error, sets of exponents y l r that reproduce rath¬ 
er well the observed deformation potentials or 


hydrostatic-pressure derivatives of the band gaps at T, ,Y, 
and L symmetry points of the Brillouin zone. The ex¬ 
ponents Hfj. are presented in Table I, and the experimen¬ 
tal pressure coefficients used to determine them are given 
in Table II » 21 

III. RESULTS 

For the tetrahedral ( T d symmetry of zinc-blende semi¬ 
conductors, the secular determinant reduces to two scalar 
equations, one for s-like A , -symmetry deep levels, 

(K,r '=2 i<*.M|ia>|V(£-£(ia)], 

k.A 

and another for p-like r 2 levels, 

(K,r'«2 | {p>b,0 | k,A.) 1 2 /[£ — £(k,AJ] . 

k.A' 

We evaluate the sums usir.g the special-points method 22 
for fixed E, and then graphically determine the defect po¬ 
tentials V that produce a/ievel at that energy. This pro¬ 
cess is repeated for the,pressurized semiconductor to ob¬ 
tain dE/dp versus V also. Then the defect potential Kis 
eliminated to yield dE/dp as a function of £. 

It should be emphasized that there are two levels of ap¬ 
proximation in the theory for the defect-potential matrix 
V\ (i) the diagonal form (with arbitrary matrix elements 
V s and V p ) which is the only approximation entering into 
the determination of dE/dp as a function of £, and intro¬ 
duces a small theoretica 1 uncertaiMv of ~0.5 meV/kbar 
into dE/dp\" and (ii) the expressions of V s and V p in 
terms of atomic energies, which are necessary to associate 
a deep level E with a particular impurity (or defect poten¬ 
tial) and introduce an uncertainty in E of about ->0.3 eV. 
Thus, the uncertainty in dE/dp as a function of V, which 
is the combination of these two uncertainties, is consider¬ 
ably larger than the uncertainty in dE/dp as a function 
of £ (by typically a factor of 4, as can be deduced, for ex- 
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ample, from Fig. 2). Thus, although the uncertainty in £ 
for a particular defect is comparable with the band gap of 
InSb and the uncertainty in dE/dp for that defect is a 
significant fraction of the predicted range of possible 
values for dE/dp, the uncertainty in dE/dp for a particu¬ 
lar level E is considerably smaller, and so that relation¬ 
ship can be used to determine the symmetry of the deep 
level and the site of its parent impurity, even though 
unambiguous determination of the defect, namely,^highly 
accurate determination of £! V), is not possible. Here wc 
exploit this fact and note that similar elimination of the 
defect potential from the theory of ENDOR and ESR 
spectra of deep levels produced successful and accurate 
theories. 4 

The theoretical uncertainty of ~0.5 mcV/kbar in 
dE/dp was first arrived at 11 by varying the major ele¬ 
ments of the theory, such as the tight-binding matrix ele¬ 
ments and exponents rj, over the range of reasonable pos¬ 
sibilities. It has been borne out by experiments for the 
A | deep level of a ,V impurity on an anion site in GaP 
(Refs. 12 and 23) and in GaAs (Ref. 24), which have ex¬ 
hibited the predicted pressure coefficients dE/dp. The 
theory can rather accurately predict a derivative dE /dp 
associated with a deep level £, even though it cannot act 
curately assign an impurity to a given energy. 

. Since the relationship dE/dp versus £ depends on the 
site of the impurity and the symmetry of its deep level, 
comparison of data for dE/dp and £ with theory can 
yield the site of the impurity and the symmetry of its 
deep level. Once the site and the symmetry arc known, 
the number of candidates for producing such a level £ (to 
within a few tenths of an eV) is greatly reduced. 

We illustrate this point for deep levels in InSb, a ma- 


InSb 



FIG. 2. Pressure coefficients dll/dp iii ineV/kl>;ir lor deep 
defect levels <n InSb as functions of thet energies £ (in eV) in 
the band gap. The predicted values of dll /dp and II for specific 
impurities on particular sites arc indicated by circles. On the 
sides of the figure are impurities expected to pioducc deep levels 
in the host bands, but within 0.3 eV of the gap. The boxed, 
shaded region corresponds to data of Aladushvili vt ul. (Ref. 
25). 


terial whose band gap is smaller/than the theoretical un¬ 
certainty. The predicted pressure derivatives dE/dp are 
given in Fig. 2 as functions of the deep-level energies £. 
(The estimated theoretical uncertainty in di'./dp is 
roughly 0.5 meV/kbar.) The impurities associated 
theoretically with the deep levels £ arc also displayed on 
each curve—although this association is limited by a 
few-tenths-of-an-eV theoretical uncertainty in the energy 
£ of the deep level associated with a specific impurity. 
Therefore we have shown on the sides of the figure those 
impurities (including the vacancy, denoted Va) that 
might have deep levels in the band gap if the theory's 
deep-level predictions were altered by 0.3 eV. We have 
considered as impurities the atoms from columns IIB and 
III—VIII of the Periodic Table, as well as Li, Na, K, Rb, 
Be, and Mg. 

To illustrate how the theory can be applied to identify 
deep impurities, consider the deep levels observed by Ala- 
dashvili et air* near 0.15 eV in InSb, with pressure 
derivatives of ~ 1 mcV/kbar. These levels (see Fig. 2) 
correspond to either In-site 7\ levels or In-site A t levels 
within the uncertainty of 0.5 meWkbar. However, no 
In-site 7\ levels lie at such energies, to within -0.3 eV, 
indicating that the only candidates from the set of .r- and 
p-bonded substitutional impurities for producing these 
levels are the In-site A , levels: S, Rn, Se, I, At, C, Te, P, 
As, Po, Sb, Ge, Bi, and Si. Thus wc have reduced the 
possibilities to some impurities from Columns IV, V, and 
VI of the Periodic Table on the In site, producing A r 
symmetric levels. 

Two of these defects are very likely to be present in 
InSb: C and Sb. While C is very likely more soluble on 
the In site than Sb, the native antisite defect should also 
be easily formed. In this regard, we note that the concen¬ 
tration of antisite defects should be greatly increased by 
radiation damage, and so such studies of Aladashvili’s 
deep levels should permit identification of the deep im¬ 
purity, if it is indeed an antisite defect. 

The observation of several deep levels near 0.1 eV 
probably is due either to the defects being clustered in 
complexes, or to there being different impurities, such as 
C and Sb with nearly equal deep-level energies. 

In any case, this illustration for InSb shows how 
h.,drostatic-prcssure data, when combined with deep- 
level data, can determine the site of the impurity and the 
symmetry of the deep level, while simultaneously restrict¬ 
ing the candidates for producing the deep level to a few 
impurities. 

The predictions for deep impurities for other zinc- 
blende semiconductors are given in Figs. 3-13. For the 
most part we find dE/dp larger for cation-site levels than 
for anion-site levels, although this situation can be re¬ 
versed for some (especially 7\ symmetric) levels if the 
levels are very near the conduction-band edge. 

We can understand these calculated results qualitative¬ 
ly by using a defect-molecule model, as shov n in Fig. 14. 
In Fig. 14(a) are shown the In and Sb atomic energy lev- 
els. After solid IrSb is formed, the atomic energy levels 
become levels in the solid, as depicted in Fig. 14(b), and 
their ordering is different from in the free atoms, due to 
interaction between atoms. Under hydrostatic compres- 
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FIG. 3. Pressure coefficients dE/dp in meV/kbar for deep 
defect levels in InAs as functions of their energies E (in eV) in 
the band gap. 
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FIG. Pressure coefficients dE/dp in meV/kbar for deep 
defect levels in InP as functions of their energies E (in eV> in the 
band gap. 
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FIG. 5. Pressure coefficients dE/dp in meV/kbar for deep 
defect levels in GaSb as functions of their energies E (in eV) in 
the band gap. 
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FIG. 6. Pressure coefficients dE/dp in meV/kbar for deep 
defect levels in GaAs as functions of their energies E (in eV) in 
the band gap. 
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FIG. 7. Pressure coefficients dE/dp in meV/kbar for deep 
defect lesels in GaP as functions of their energies E (in eV) in 
the band gup. 
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FIG. 8. Pressure coefficients dE/dp in meV/kbar for deep 
defect levels in AlSb as functions of their energies E (in eV) in 
the band gap. 
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FIG. 9. Pressure coefficients (IE/dp in ine.V/khar for deep 
defect levels in AlAs as functions of their energies /; (in cV) in 
the band gup. 



FIG. 10. Pressure coefficients dli/ilp in meV/khur lor t..cp 
defect levels in All* as functions of their energies /; (in eVi in the 
bund gap. 



FIG. M. Pressure coefficients dE/dp in meV/kliar for deep 
defect levels in ZiiSc us functions of their energies /: tin eV) hi 
the bund gup. 



FIG. 12. Pressure coefficient' dE/dp in meV/khar for deep 
defect levels in Si us functions of their energies F. (in eV) in the 
bund gap. 


sion, the interaction between atoms increases, and the 
levels shift as shown by arrows in Fig. 14(b). (In the 
solid, these energy levels are energy levels of a defect mol¬ 
ecule consisting of one atom and its four nearest 
neighbors—and so the levels should be thought of quali¬ 
tatively as representing the center of gravity of the corre¬ 
sponding partial densities of states.) The In 7\ level must 
move up in energy and the Sb A , level must go down, 
due to level repulsion. The nearest-neighbor coupling 
dictates that level repulsion cause the In A , level to 
move up—in the opposite direction of Sb A t . Similarly, 
the Sb 7j level moves to lower energy. Since the 
valence-band maximum has predominantly Sb 7\ charac¬ 
ter and is taken to be the zero of energy, the pressure 



vbm Energy (eV) cbm 

MG. 13. Pressure coefficients dE/dp in meV/kbar lor deep 
delect levels m Ge as functions of their energies E (in eV) in the 
bund gup. 
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(a) Atom Cb) Solid 

*\ 

FIG. 14. Defect-molecule model foi InSb. (a) Atomic energy 
levels 'v and p orbitals) for In and Sb. (b) In the zinc-blende 
crystal symmetry, the atomic energy levels form singlet .4, lev¬ 
els and triplet 7% levels. The shaded region is approximately 
the band gap of InSb. The arrows indicate the expected direc¬ 
tions of movement of these host levels (and the impurity levels 
derived from them) when hydrostatic compression is applied to 
the InSb crystal. 
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coefficient of the Sb 7\ levels are small in magnitude. 
The In-site .4, -symmetric impurity levels in the band gap 
have a larger pressure dependence than In-site 7\ levels, 
because the .4, host levels are closer to the gap and 
hence repel impurity levels more. These general rules 
normally govern the pressure dependencies of the deep 
impurity levels—although they are sufficiently qualita¬ 
tive in character that exceptions to them are to be expect¬ 
ed. 

In summary, we have predicted the hydrostatic- 
pressure dependencies of deep levels in 12 semiconduc¬ 
tors and have shown how pressure data can be analyzed 
to yield the site of the deep impurity, the symmetry of the 
deep level, and either the impurity itself or a handful of 
candidates likely to be the impurity responsible font he 
deep level. 
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Dependence on uniaxial stress of deep levels in III-V compound 
and group*IV elemental semiconductors 

David W. Jenkins,* Shang Yuan Ren, + and John D. Dow 
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(Received 29 June 1988) 

The uniaxial-stress dependences of substitutional s- and p-bonded deep impurity levels in the 
semiconductors AIP, AlAs, AlSb, GaP, GaAs, GaSb, InP, InAs, InSb, Si, and Ge are studied 
theoretically for stresses applied along the (100), {110], and (111) directions. We find that stress ap¬ 
plied along the [110] direction, in particular, causes splittings and shifts of deep levels associated 
with a point defect that can be used (i) to determine' uniquely the symmetries of the levels (s-like or 
p-like) and (ii) to identify the site (anion or cation) of the associated impurity. 


I. INTRODUCTION 

Substitutional defects in semiconductors give rise to lo¬ 
calized states with energy levels often lying deep in the 
fundamental energy-band gap. Given experimental evi¬ 
dence of such a level, it is difficult to associate the level 
with a specific impurity, based on the energy of the level 
alone, due to the hostlike nature of substitutional impuri¬ 
ty states. Although different impurities have defect po¬ 
tentials that differ by typically 1 to 10 eV, 1 their deep- 
level wave functions are antibonding and hostlike in char¬ 
acter, with very little amplitude in the impurity cell. As 
a result their wave functions depend very little on the im¬ 
purity and h.-nce the deep energy levels of different im¬ 
purities often lie within a few tenths of an eV of one 
another. 

Since, to a good approximation, the wave functions of 
an j-like (A |) or p-like ( T 2 ) deep level associated with an 
impurity on a specific site (anion or cation) is independent 
of the impurity,' it i‘ very difficult to perform an electron¬ 
ic experiment on a deep level that will identify the impur¬ 
ity responsible for it. Experiments that probe the core 
(such as extended x-ray-absorption fine structure (EX- 
AFS) (Ref. 3)] or the nucleus [such as electron-nuclear 
double resonance (ENDOR) (Ref. 4)] a re needed for such 
identification. Nevertheless, as we show here, electronic 
experiments that probe the deep level’s energy or wave 
function can determine the 'ite of the associated defect 
and the symmetry of its deep level, and, when informa¬ 
tion from several such electronic experiments is com¬ 
bined, it is often possible to eliminate all but a few impur¬ 
ities as candidates for producing the level. 

In this paper we predict the uniaxial stress depen¬ 
dences of deep levels in semiconductors and show how 
these dependences can be used to facilitate the associa¬ 
tion of specific impuri*ies with observed deep levels. We 
treat s • and p-bonded substitutional impurities in the 
semiconductors AH’, AlAs, AlSb, JJ\ GaAs, GaSb, 
InP, InAs, InSb, Si, and Ge, with the stress in the 

[100], [110],and [111]directions. 

Deep impurity states are due to the central-cell poten¬ 
tial and are fundamentally different from the well-known 


shallow levels described by effective-mass theory. 5 Under 
hydrostatic pressure, the shallow levels tend to follow the 
associated band edge: 6 the levels shift in energy an 
amount roughly equal to the shift in the associated band 
edge. In contrast, deep levels do not follow the band 
edge. For example, Wolford et al , 7 have shown that the 
conduction-band edge in GaAs rises fas.ter in energy un¬ 
der hydrostatic pressure than the N deep level. At zero 
pressure this level is actually resd^unt with the conduc¬ 
tion band and emerges into the fundamental energy-band 
gap at a v pressure of 22 kbar. The level clearly does not 
follow the conduction-band edge and so is necessarily a 
deep level. (Here, we use the new definition of a deep lev- 
el 1 as one caused by the defect’s central-cell potential, 
and not the old definition: a level more than 0.1 eV deep 
in the gap. As a result, ive term the s-like N A\- 
symmetric level in GaAs deep, although i: lies above the 
conduction-band edge.) 

Hydrostatic-pressure measurements car confirm that a 
level is not attached to any nearb. band edge, and there¬ 
fore is indeed deep. Moreover, Ren el al .* and Hong 
et al* have shown that quantitative analyses of such 
measurements can determine the site, anion or cation, 
and the symmetry, <4, (s-like) or T 2 f "-like), for some, 
but not all, deep levels. In contrast to hydrostatic pres¬ 
sure, which merely, shifts the energies of the deep levels, 
uniaxial stress cuu <;s ^-symmetric deep levels to split, 
while the orbitally rondegeneratc A , levels shift. Hence 
uniaxial stress car:(be even better than hydrostatic pres¬ 
sure for determining the symmetry of a deep level. More¬ 
over, the size of the uniaxial-stress-induced splittings de¬ 
pends both on the site of the impurity and oh the magni¬ 
tude and direction (relative to the crystal axes* of the ap¬ 
plied stress. Hence, analyses of stress-induced deep-level 
splittings can help determine not only the symmetry of 
the level, but also whether the impurity is on the anion or 
the cation site. 

II. THEORY 

Our calculatiu < of the dependencies on uniaxial stress 
of deep levels are based on the theory of Hjalmarson 
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et a/. 1 and extensions of those theories by Ren et al* 
Our basic approach is to construct an empirical tight* 
binding Hamiltonian fo the stressed semiconductor, 
based on the ideas of Vogl er a/.' 10 In order to do this we 
must first determine how a particular uniaxial stress 
changes bond lengths in the semiconductor. We consider 
two types of stress-induced changes of atomic positions 
and bond lengths: (i) If there is not a shear strain, the 
changes of the relative positions of all the atoms in the 
crystal are given simply by first-order elasticity theory," 
and (iii if there is a shear strain, “internal displace¬ 
ments" 12 must also be considered. 

In terms of first-order elasticity theory, the change in 
the x coordinate of an atom initially at position 
t--Hx 0 ,y 0 ,x 0 ) relative to the origin is 

Ajc =Pl[c I2 — (c,, +2c I2 )/»i]jc 0 /(c n +2c l2 ){c, I rc 12 ) 

~n x n y y 0 /2c u —n x n z z 0 /2c u | , (1) 

where c tt and c )2 are the'longitudinal and transverse 
elastic constants and is the shear elastic constant. 
Similar expressions hold for other components of the dis¬ 
placement Ar. 11 Here;, the stress is 

P-P[n y ,n y ,n,) , ( 2 ) 

where P is .the magnitude of the applied force per unit 
area and n x ,h y ,it. are the cosines defining the direction of 
the applied stress. 

Under uniaxial stress, the Brillouin zone in momentum 
space also changes due to changes in the atomic posi¬ 
tions. In terms of first-order elasticity theory, the change 
in the* component of the wave vector k-(k x ,ky,k^) is 


A/Cj,—/ > [[(c,|+2c, 2 )n; c,j]/:{ ) /(C||+2C|2)(C|| c,j) 

+n x n y k t J/2c u -rn x n.k , ! ) /2c i4 1 . (3) 

Similar expressions hold for o.her components of the dis¬ 
placement Ak. 13 

Elasticity theory adequately describes the change in 
positions, due to applied stress, of all the atoms in the 
semiconductor except for the atom at 'he origin [see Eq. 
(1)]. Kleinman 12 pointed out that if we choose the origin 
at the unstrained position of an atom, that atom moves a 
distance proportional to the applied stress P, when the 
stress invo'ves shear, as is the case for pressures directed 
along the [110] or [111] axes (but not for the [100] stress). 
Segmiiller and Neyer confirmed Kleinman’s internal- 
displacement prediction for [111] stress in Ge and Si (see 
Figs. 1-3). U/ Under [111] stress, the internal displace¬ 
ment is —£Pa t ( 1,1,1 )/12c 44 , where Pis the magni.ude 
of the stress, c 44 is the'e|astic constant for shear strains, 
u t ' is the lattice constant, and £ is* Klein man's internal- 
displacement paramctei 12 *(Fig. 3). Under [110] stress, 
the internai displacemei.i is -£Pa t (0,0,1 )/8c 44 . 

Harriso*: has calculated Kleinman’s parameter for a 
number of zinc-blende III-V compound and group-IV ele¬ 
mental semiconductors, and has found all to be close to 
O.6. 15 Thus we take £=0.6 for all semiconductors studied 
here. Wc then compute the nearest-neighbor bond 
lengths J given in Table I >see Figs. 1-3), including both 
the effects of first-order elasticity theory and internal- 
displacement theory. 

With the stress-perturbed bond lengths determined 
from first-order elasticity theory and internal- 
displacement theory, it is possible to construct an empiri¬ 
cal tight-binding Hamiltonian for the stressed semicon* 


TABLE I. Relative change in bond lengths, d/d,„ between atoms at the origin (zero-stress) and the 
nearest-neighbor atoms in a zinc-blende crystal structure under stress applied in the (100], [110], and 
[111] directions (see Figs. 1 -3). The bulk modulus is defined in elasticity theory by B -(r n t2ci« )/3. 

Stress 

Zero-stress position 

Relatiw change in 

direction 

of neighbor 

bond length d/d., 

(I00| 

]c ( (U.I) 

(I-P/9W) 

[100] 

{-a,(1,-1,-II 

(1 -l l /W 

[1001 

[u,(-l.l,-ll 

(1 — /'/')«) 

[100] 

Ju,(-l.-l.ll 

(1 -/>/•>«) 

[HO] 

[ a. 11.1,1) 

(I - IP/'lfl'l 1 + .'#(( 1 -£)/2c«]l) 

[110] 

[«i.M,- 1,-1) 

<l-<P''>#)|l~3«{(l-£)/2c 44 ]:) 

[110] 

Jo,(-1.1,-!) 

(1 -t/V')/J)| 1 -3/l(( 1 -£</2c 44 ]|) 

[II0| 

Jo,( - 1. - l.l! 

{1 -t/'/‘)Wl| 1 +3/J[( 1 -£)/2c, 4 ]|) 

[111] 

Jo,H.l.ll 

(. -(/V9/J)|H 3//|(l-£)/<'„]() 

[111] 

Jo, 11. - 1. - 1) 

(i-(/vq«)|i-//(<i+£i/c 1 -::) 

[III] 

J o, ( — 1.1.- 1) 

(l-(/V9«)|l-P|(l+f)/c 41 ]|) 

[III] 

J0■ < - 1, l.l) 

(1 (/V9//l|l-//|il+£)/c 44 ||) 
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FIG. 1. Schematic illustration of change of atomic positions 
of an impurity and its neighbors, induced by uniaxial stress in 
the [100] direction. Solid idashed) circles are the positions of 
atoms under zero (finite) stress. Each of the neighbors shift 
closer to the impurity, by the same distance. Each neighbor 
•’.Iso shifts closer to another neighbor. The impurity does not 
move under [100] applied stress. The stress causes p-like T 2 m- 
purity levels to split: one state, b 2 , is directed along the stress 
direction and the other two states (not shown) are perpendicular 
to the stress direction. 


110 

fin it* 



FIG. 2. Schematic illustration of change of atomic positions 
of an impurity and its neighbors, induced by uniaxial stress in 
the [110] direction. Solid ■dashed) circles are the positions of 
atoms under zero (finite) stress. Two of the neighbors shift 
closer to the impurity by the same distance and the other two 
neighbors shift very little. The two neighbors that shift also 
shift closer to each other. The impurity displaces in the [OOT] 
direction (see text). The stress causes p-like 7“j impurity levels 
to split: one state, b 2 , is directed along the stress direction and 
two states are directed perpendicular to the stress —a t is direct* 
ed along the [001] direction and b t is (not shown) directed along 
the [1 TO] direction. 


in 





FIG. 3. Schematic illustration of change of atomic positions 
of an impurity and its neighbors, induced by uniaxial stress in 
the [111] direction. Solid (dashed) circles are the positions of 
atoms under zero (finite) stress. One neighbor sh t'ts closer to 
the impurity.. The other three neighbors shift slightly further 
from the impurity and further from each other. The impurity 
displaces in the [ITT] direction (see text). The stress causes p- 
like 7} impurity levels to split: one state, a,, is directed along 
the stress direction and two states, e (not shown), are directed 
perpendicular to the stress. 


ductor. Following the ideas of Slater and Kcster, 14 Har¬ 
rison, 17 and Vogl et al., n we use a ten-band, nearest- 
neighbor model to treat the electronic structure, with an 
sp*s * orbital basis centered on each atomic site. (The sp } 
basis is needed to reproduce the chemistry of the covalent 
bonding; the additional orbital, s*, is required to yield 
indirect-gap band structures, such as those of Si and 
GaP.) In the zero-stress case the model is the same as 
that of Vogl it aL, and has the property that the diagonal 
(on-site) matrix elements depend on the atomic energies, 
but not on the bond lengths. Thus we assume that stress 
does not alter the Hamiltonian’s on-site matrix elements, 
but that the stress-induced bond-angle distortions and 
bond-length changes can be incorporated into the off- 
diagonal matrix elements of the Vogl Hamiltonian by us¬ 
ing the Slater-Koster definitions 14 of these matrix ele¬ 
ments and a generalization of Harrison’s rule 17 for their 
dependence on bond length: for the matrix element be¬ 
tween s and p x states on neighboring states we have 

V,,, t * y^ t [cos( 9)/ cos(0 O )](d 0 /d) n,,f , (4) 

with similar expressions for the dependences of the other 
off-diagonal matrix elements on d and 9. Here d 0 and d 
are the zero- and finite-stress bond lengths; 0 O and 9 are 
the zero- and finite-stress bond angles relative to the crys¬ 
tal axes, and is the zero-stress matrix element. The 

coefficients r\ aS were fitted previously 1,7 to the 
hydrostatic-pressure dependences of the energy-band gap 
and are listed in Table II. With these matrix elements it 
is possible to construct the Hamiltonian H 0 for the 
stressed semiconductor. 
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TABLE II. Exponents i; for the bond-length dependence of the nearest-neighbor matrix elements 
[see Eq. (2)] and elastic constants c lt , c, 2 , and c u . Exponents are taken from Refs. 8 and 9 and elastic 
constants from Ref. 17, unless noted otherwise.__ 



Vu 

V,. f 

V*., 

Vi.y 

V., 

Cll 

C 12 

C«4 

AIP 

2.386 

1.637 

1.521 

1.247 

2.486 

(14.12 

6.25 

7.05)* 

AlAs 

3.205 

1.656 

2.398 

1.706 

3.214 

(9.85 

4.44 

4.95 ) b 

AlSb 

2.553 

4.249 

1.192 

3.272 

4.469 

8.94 

4.43 

4.16 

GaP 

3.697 

2.804 

1.630 

2.795 

2.841 

14.12 

6.25 

7.05 

GaAs 

A144 

2.341 

2.596 

2.220 

2.665 

11.81 

5.32 

5.92 

GaSb 

2.719 

2.923 

2(119 

1.172 

3.891 

8.84 

4.03 

4.32 

InP 

3.100 

4.443 

3.049 

2.366 

1.207 

10.22 

5.76 

4.60 

InAs 

2.539 

2.812 

3.757 

2.825 

3.014 

8.33 

4.53 

3.96 

InSb 

4.012 

2.987 

2.533 

2.751 

3.134 

6.67 

3.65 

3.02 

Si 

3.000 

1.600 

3,825 

2.6% 

3.327 

16.57 

6.39 

7.96 

Ge 

4.400 

2.400 

2.300 

2.500' 

. ,3.982 

12.89 

4.83 

6.71 


'Elastic constants for AIP are taken to be the same as those for GaP. We are unaware or any experi¬ 
mental values for AIP. 

^Elastic constants for AlAs are taken from C. Coivard, R. Merlin, M. V. Klein, and A. C. Gossard, 
Phys. Rev. Lett. 45,298 (1980). 


The defect levels :are calculated by solving Dyson's 
equation, 

det(l-G 0 n=0, (5) 

where G 0 is the host Green’s function and V is the defect 
potential. The host Green’s-function operator is 

<?„(£)-(£. ( 6 )' 

The defect potential V is a diagonal matrix with its 
nonzero diagonal matrix elements V s and V p determined 
using the prescription of Hjalmarson ei ai 1 The impuri¬ 
ty levels are computed for both zero stress and finite 
stress. Stress derivatives are then computed at a small 
pressure (P- 0.5 kbar). 18 

While we could plot E versus V i or V p and (as original¬ 
ly predicted by Hjalmarson et ai 1 ) dE/dP versus the ap¬ 
propriate V, thereby predicting both deep levels and their 
pressure derivatives, it is now well established that the 
theory produces, very reliable relationships such as E 
versus dE/dP, whereas its absolute predictions of energy 
levels (E versus V) are less reliable. 2 Therefore we plot 
dE/dP versus E, while labeling the lines of each figure 
with the impurities whose defect potentials l^are predict¬ 
ed to produce deep levels at the energy £. The reason, 
that the relationships are so reliable is that they can be 
calculated without knowing the defect potential V pre¬ 
cisely. A difference of only a few eV in the defect poten¬ 
tial can cause a few-tenths-of-an-eV difference in an ener¬ 
gy level in the gap, but the uncertainty in V does not 
affect the relationship between dE/dP and E. Deep-level 
wave functions are typically antibonding and hostlike, 2 
and so, although defect potentials that produce deep lev¬ 
els in the band gap may differ by large amounts, say 
several eV, the energy levels and wave functions of those 
deep levels are much closer to one another—indicating 


that a theory of dE /dP as a function of E would be free 
of the relatively large uncertainties (associated with the 
approximate value of the defect potential V) to be found 
in a theory of dE /dP as a function of V. 

III. RESULTS 

The predicted uniaxial-stress derivatives dE/dP of 
deep levels in the band gap of AlAs, for stress applied in 
the [100], [110], and [111] directions, are shown in Figs. 
4, 5, and 6 respectively. The pressure coefficients dE/dP 
are plotted as functions of defect energy level (relative to 
the valence-band edge) for all s - and p-bonded impurities 
with levels in the gap. Thesv results are representative of 
the III-V compound semiconductors. 

Note that the signs and the magnitudes of the splittings 
and the shifts depend rather sensitively on the energy of 
the level in the gap, on the site of the impurity, and on 
the direction of the applied stress. 

No simple ordering of pressure derivatives is to be ex¬ 
pected. This is because the pressure derivatives of deep 
levels are sensitive to shifts in pressure of both 
conduction- and valence-band densities of states—as 
pointed out by Hong et ai q for the case of hydrostatic 
pressure (see below.) 

A. Symmetry 

Uniaxial stress shifts the y-like A , levels and splits the 
/7-like 7\ levels, regardless of whether the stress is applied 
along the [100], [110], or [111] axes. For stress along the 
[110] direction, tin. threefold degeneracy of a 7\ state is 
completely removed, whereas in the [100] and [111] 
directions a threefold-degenerate 7\ state is split into a 
twofold-degenerate level and a nondegenerate level (see 
below.) This splitting, if it is observed, will distinguish a 
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T 2 level from an A , level. 19 However, the absence of an 
observable splitting is not conclusive evidence for the A , 
character of a level—because the splitting may be too 
small to be resolved. 

There do not appear to be any general rules stating, for 
example, that 7” 2 states associated with anion-site impuri¬ 
ties split more than cation-site impurities. Therefore, 
while the splittings may indicate the symmetry of a deep 
level, quantitative analyses of the observed splittings may 
be necessary to determine the site of the parent impurity. 

B. A | -derived states 

For unhxial stress in any of the directions [100], [110], 
or [lll]i or for hydrostatic pressure, 8,9 the states 
behave similarly for all the semiconductors: these states 
exhibit rather small pressure derivatives of magnitude 
-1 meV/kbar, that may be either positive or negative 
(depending on the site of the impurity and the energy of 
the level), and are almost the same for all deep levels in 
the band gap. Hence, to a good approximation, the A , 


0 Ct8rNSS*IAtCT«P*3 PoSbCjB JSt iP. a 


I,At 



1.1 

Energy («V) 


FIG. 4; Predicted pressure derivatives dE/dP (in meV/kbar) 
vs deep trap energy E (in eV) for s- and p-bonded substitutional 
point defects in AlAs with uniaxial stress along the [100] direc¬ 
tion. The upper panel is for the A \ -symmetric (s-like) states 
and the lower panel is for the Tj-symmetric (p-like) states. The 
predictions for the cation-site defects are shown as dashed lines, 
the anion-site predictions by solid lines. The impurities predict¬ 
ed to produce deep levels of energy E art\ denoted by circles 
(cation site) and square (anion site), although allowance should 
be made for these predictions being uncertain by a few tenths of 
eV. A box is used to denote several impurity levels lying close 
in energy (impurities corresponding to the box are indicated). 
Deep levels associated with the following impurities are predict¬ 
ed to lie in the conduction band but within the theoretical un¬ 
certainty of the band gap: ,4| cation site—Ga, In, and Tl; T : 
cation site—Pb, Ga, In, and Tl; ,4| anion site—C, Te, P, and 
Po; Ti anion site—N and Cl. Similarly, in the valence band 
near its maximum, one might find the following: cation- 

site—F and vacancy (Va); Tj cation site—vacancy, Hg, K, Na, 
Cd, and Li; ,4, anion site—K, Na, and Li; T 2 anion site—K, 
Na, Cd, Li, Zn, and Mg. 



FIG. J. Predicted pressure derivatives dE/dP tin meV/kbar) 
vs deep trap energy E (in eV) for s- and p-bonded substitutional 
point defects in AlAs with uniaxial stress along the [110] direc¬ 
tion. The upper panel is for the ,4,-symmetric (s-like) states 
and the lower panel is for the T-symmetric (p-like) states. The 
predictions for the cation-site defects are shown by dashed lines, 
the anion-site predictions by solid lines. The impurities predict¬ 
ed to produce deep levels of energy E are denoted by circles 
(cation site) and squares (anion site), although allowance should 
be made for these predictions being uncertain by a few tenths of 
eV. A box is used to denote several impurity levels lying close 
in energy (impurities corresponding to the box are indicated). 



FIG. 6, Predicted pressure derivatives dE/dP (in meV/kbar) 
vs deep trap energy E (in eV) for s- and p-bonded substitutional 
point defects in AlAs with uniaxial stress along.the (111) direc¬ 
tion. The upper panel is for the A\ -symmetric (s-like) states 
and the lower panel is for the Tj-symmetric (p-like) states. The 
predictions for the cation-site defects are shown by dashed lines, 
the anion-site predictions by solid lines. The impurities predict¬ 
ed to produce deep levels of energy E are denoted by circles 
(cation site) and squares (anion site), although allowance should 
be made for these predictions being uncertain by a few tenths of 
eV. A box is used to denote several impurity levels lying close 
in energy (impurities corresponding to the box are indicated). 
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FIG. 7. Predicted pressure derivati'es dE/dP vs energy E 
for uniaxial stress applied to A1P along the [100] direction as in 
Fig. 4. Deep levels associated with the following impurities are 
predicted to lie in the conduction band, but within the theoreti¬ 
cal uncertainty of the band gap: A , cation site—-Be, B, Sn, Pb, 
Ga, In, and Tl; T 2 cation site—Si, Ge, Sn, Pb, Ga, In, and Tt; 
A i anion site—I, At, C, Te, As, and Po; T 2 anion site—F, 0, 
N, and Cl. Similarly, in the valence band near its maximum, 
one might find the following: A i cation site—vacancy, K, Na, 
and Li; T 2 cation site—Hg, K, Na, Cd, and Li; A\ anion 
site—K, Na, and Li; T 2 anior. site—K, Na, Cd, Li, Zn, and 
Mg. 


deep levels in the gap appear to be almost "attached" to 
the average valence-band maximum:'* when stress is ap¬ 
plied, they move in energy an amount comparable (to 
within ±1 meV/kbar) with the shift of the average 
valence-band maximum. 

In general, dE/dP for an A ( state of a given deep-level 
energy E in the gap is more positive if the impurity re- 



FIG. 8. Predicted pressure derivatives dE/dP vs energy E 
for uniaxial stress applied to A1P along the (110] direction as in 
Fig. 5. 



FIG. 9. Predicted pressure derivatives dE/dP vs energy E, 
for uniaxial stress applied to A1P along the [111] direction as in 
Fig. 6. 


sponsible for that level occupies a cation site rather than 
an anion site. Hong et cl. q have shown how this behav¬ 
ior can be understood for InSb: the pressure derivatives 
of deep levels in the gap of InSb, a material similar to 
AlAs, result from competition between the.conduction- 
band states’repelling the level downward in energy, and 
the valence-band states pushing the .level upward in ener¬ 
gy. The valence band is anionlike in character and shifts 



Energy (eV) 


FIG. 10. Predicted pressure derivatives dE/dP vs energy E 
for uniaxial stress applied to AlSb along the [100] direction as in 
Fig, 4. Deep levels associated with the following impurities are 
predicted to lie on the condu-'tion band, but within the theoreti¬ 
cal uncertainty of the band gap: A, cation site—Pb, Ga. In, 
and Tl; T 2 cation site—Bi, Be, B, Si, Ge, Sn. Pb, Ga, In, and Tl; 
A t anion site—Po, Sb, Ge, Bi, Si, Be, and B; T 2 anion site—F, 
O, N, and Cl. Similarly, in the valence band near its maximum, 
one might find the following: /f, cation site—F, vacancy, K, 
Na, and Li; 7\ cation site—Hg. K, Na, Cd, and Li; anion 
site—K, Na, and Li; 7\ anion site—Ga, In, and Tl. 
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FIG. It. Predicted pressure derivatives dE/dP vs energy E 
for uniaxial stress applied to AlSb along the [110] direction as in 
Fig. 5. 


to lower enerf":s under hydrostatic pressure, while the 
conduction band is cationlike in character and shifts to 
higher energies. An impurity on an anion site with a 
deep level in the gap will therefore have an anionlike 
response to pressure: a more negative pressure derivative 
than a cation-site defect with the same deep-level energy. 

C. 7*i -derived states 

Typically (but not always) dE/dP is several times 
larger for the Tj-derived states than for the ^-derived 
states: In general, the results found for AlAs are similar 
both to thost found previously for GaAs and GaP (Ref. 
2) and to those found here for the other semiconductors. 



FIG. 12. Predicted pressure derivatives dE/dP vs energy E 
for uniaxial stress applied to AlSb along the [111] direction as in 
Fig. 6. 



FIG. 13. Predicted pressure derivatives dE/dP vs energy E 
for uniaxial stress applied to GaP along the [100] direction as in 
Fig. 4. Deep levels associated with the following impurities are 
predicted to lie in the conduction band, but within the theoreti¬ 
cal uncertainty of the band gap: A i cation site—Be, B, Sn, Pb, 
Al, In, and Tl; T t cation site—Pb, Al, In, Tl, Mg, and Zn; A\ 
anion site—At, C, Te, As, Po, Sb, Ge, Bi, and Si; T 2 anion 
site—N, 0, Cl, and Br. Similarly, in the valence band near its 
maximum, one might find the following: A t cation site—0, F, 
vacancy; 7\ cation site—vacancy, Hg, K, Na, Cd, and Li; A \ 
anion site—K, Na, and Li; 7\ anion site— Li, Zn, and Mg. 


1. [100] direction 

The point-group symmetry of a substitutional impurity 
in a zinc-blende semiconductor is T d for zero stress. For 
uniaxial stress applied in the [100] direction this symme¬ 
try is reduced to i > 2rf . s * 19 The s-like A , irreducible repre¬ 
sentation of T d corresponds to an a, representation of 
Djj. 20 The p-like T 2 representation reduces (see Fig. 1) 



FIG. 14. Predicted pressure derivatives dE/dP vs energy E 
for uniaxial stress applied to GaP along the (110] direction as in 
Fig. 5. 
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FIG. 15. Predicted pressure derivatives dE/dP vs energy E 
for uniaxial stress app'ied to GaP along the [111] direction as in 
Fig. 6. 
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FIG. 17. Predicted pressure derivatives dE/dP vs energy E 
for uniaxial stress applied to GaAs along the [110] direction as 
in Fig. 5. 


to a nondegenerate b 2 representation (a p-state polarized 
along the [100] direction) and a doubly degenerate e rep¬ 
resentation (p states polarized along the perpendicular 
directions to the [100]). 19 Typically the b 2 states, being 
polarized along the stress axis, are more sensitive to the 
uniaxial stress than the e states, and are also typically 
several times more sensitive to stress than the A ,-derived 
flj states. (This does not mean, however, that experi¬ 
ments finding one level with a larger derivative dE/dP 



Energy CeV) 

FIG. 16. Predicted pressure derivatives dE/dP vs energy £ 
for uniaxial stress applied to GaAs along the [100] direction as 
in Fig. 4. Deep levels associated with the following impurities 
are predicted to lie in the conduction band, but within the 
theoretical uncertainty in the band gap: cation site—Be. B, 

Sn, Pb, Al, In, and Tl; T 2 cation sue—S, C, I, Se, P, At. As. end 
Tc; A , anion site—Cl, Br, and N; 7\ anion site—F, 0, and N. 
Similarly, in the valence band near its maximum, one might find 
the following: A t cation site—N, Br. Cl. O, F; T : cation 
site—vacancy and Hg; A, anion site—K, Na. Li, Hg, and Cd; 
7*. on site—K, Na Cd, and Li. 


than another can automatically, assign the level with the 
large derivative to T 2 symmetry, because there are ener¬ 
gies for which the A , derivative is larger; a more careful 
analysis is needed.) 

Typically, but not always, the e level and the b 2 level 
split from one another, with one level rising and one level 
falling in energy. The b 2 level typically has a derivative 
larger in magnitude than the e level. This behavior is a 
consequence of the following physics: hydrostatic pres¬ 
sure physically is equivalent to stresses applied simultane¬ 
ously in the [100], [010], and [001] directions. Thus these 
levels follow the simple sum rule 1 * 

df (62,+2 df (<f) = -^(hydrostatic). (7) 

Concentrating on the fact that the uncertainty in the 
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FIG. 18. Predicted pressure derivatives dE/dP vs energy £ 
for uniaxial stress applied to GaAs along the [111] direction as 
in Fig. 6. 
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FIG. 19. Predicted pressure derivatives dE/dP vs energy E 
for uniaxial stress applied to GaSb along the [100] direction as 
in Fig. 4. Deep levels associated with the following impurities 
are predicted'to Me in the conduction band, but within the 
theoretical uncertainty of the band gap: A t cation site—Be, B, 
Sn, Pb, Al, In, and Tl; 7j cation site—S, C, I, Se, P, At, As, and 
Te; A\ anion site—C, Te, P, As, and Po; Tj anion site—F, 6, 
N, and Cl. Similarly, in the valence band nears its maximum, 
one might find the following: A t cation site—At, I, Se, and S; 
Ti cation site—vacancy, Hg, K, Na, and Cd; A \ anion site- 
vacancy, K, Na, Li, Hg, and Cd; T 2 anion site—Hg, K, Na, 
and Cd. 

theory is of order 1 meV/kbar (see the Appendix), one 
can see from Fig. 4 that measurements of the magnitude 
dE/dP for a deep level helps determine both the symme¬ 
try of the level and the site of the associated impurity, in 
cases such that the lines of Fig. 4 are separated by consid¬ 
erably more than this uncertainty. Even when the lines 
nearly coincide, for example, in the case of a level ~0.3 



Energy CeV) 

FIG. 20. Predicted pressure derivatives dE/dP vs energy E 
for uniaxial stress applied to GaSb along the [110] direction as 
in Fig. 5. 



FIG. 21. Predicted pressure derivatives dE/dP vs energy E 
for uniaxial stress applied to GaSb along the [111] direction as 
in Fig.,6. 


eV above the valence-band maximum in AlAs, a [100] 
stress would have the same effect on the Tj-derived 
cation-site b 2 and e states as the A\ -derived cation-site 
a, state. Thus, this impurity could be assigned to the cat¬ 
ion site; however, since T 2 levels may not split very much 
for this impurity (see Fig. 4), the symmetry of the state 
could not be determined by application of [100] stress. 



FIG. 22. Predicted pressure derivatives dE/dP vs energy E 
for uniaxial stress applied to InP along the [100] direction as in 
Fig. 4. Deep levels associated with the following impurities are 
predicted to lie in the conduction band, but within the theoreti¬ 
cal uncertainty of the band gap: A t cation site—Be, B, Sn, and 
Pb; Ti cation site—Br, S, C, and I; A t anion site—vacancy and 
F; Ti anion site—vacancy and F. Similarly, in the valence 
band near its maximum, one might find the following: A t cat¬ 
ion site—O, Cl, Br, and N: 7\ cation site—vacancy and Hg; 
<4 ( anion site—Zn, Cd, Hg, Li, and Na; T 2 anion site—Pb, Sn, 
Ge, and Si. 
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FIG. 23. Predicted pressure derivatives dE/dP vs energy E 
for uniaxial stress applied to InP along the [110] direction as in 
Fig. 5. 


2. [110] direction 

For stress applied in the [110] direction, the orbital de¬ 
generacy of the T 2 levels is completely removed (in con¬ 
trast to the cases of stress in the [100] and [111] direc¬ 
tions, which leave one level doubly degenerate). The 
point group of a [110] stressed zinc-blende semiconductor 
is C 2u , 20 and the p-like T 2 levels split (see Fig. 2) into lev¬ 
els of symmetry a , (a p state polarized perpendicular to 
the [110] axis and parallel to the [001] axis), A, (a p state 
polarized along the [lIO] direction), and b 2 (a p state po¬ 
larized along the [110]-stress direction). The curves 
dE/dP versus E for [110] uniaxial stress are similar to 
those for [100] stress, with one important exception: the 
[110] stress completely splits the T 2 levels and removes 



Energy CeV) 

FIG. 24. Predicted pressure derivatives dE/dP vs energy E 
for uniaxial stress applied to InP along the (111] direction as in 
Fig. 6. 
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FIG. 25. Predicted pressure derivatives dE/dP vs energy E 
for uniaxial stress applied to InAs along the [100] direction as in 
Fig. 4. Deep levels associated with the following impurities are 
predicted to lie in the conduction band, but within the theoreti¬ 
cal uncertainty of the band gap: A , cation site—C, Te, P, and 
Sb; T } cation site—F, O, and N; A, anion site—F, O, and N; 
Tj anion site—vacancy and F. Similarly, in the valence band 
near its maximum, one might find the following: A, cation 
site-Br, Cl, O and F; T 2 cation site—vacancy and Hg; A\ 
anion site—vacancy and K; f ; anion site—J, In, and Tl. 


their degeneracies. This splitting can be used as a signa¬ 
ture of a T 2 level; thus [110]-uniaxial-stress measure¬ 
ments are likely to provide the most information about 
the symmetry of a deep level. 1 '' 

The similarity between the [110]-stress derivatives and 
the [100]-stress derivatives is due to the similarity of the 
strains'caused by the two types of stress. Applied stress 
along either direction causes two neighbors of the impuri¬ 
ty to shift closer to each other with angular distortions 
and some compression of the bonds (see Figs. 1 and 2). 
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FIG. 26. Predicted pressure derivatives dE/dP vs energy E 
for uniaxial stress applied to InAs along the [110] direction as in 
Fig. 5. 
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FIG. 27. Predicted pressure derivatives dE/dP vs energy E 
for uniaxial stress applied to InAs along the [111] direction as in 
Fig. 6. 

The states directed along the stress, the b 2 state in the 
case of [110] applied stress and the b 2 state in the case 
[100] applied stress, have quite similar stress derivatives, 
as do the states directed perpendicular to the applied 
stress. 

3. [Ill] direction 

For stress along the [111] direction, a T 2 level splits 
into, a doubly degenerate e state (p states polarized per- 



Energy C«V) 


FIG. 28. Predicted pressure derivatives dE/dP vs energy E 
for uniaxial stress applied to InSb along the [100] direction as in 
Fig. 4. Deep levels associated with the following impurities are 
predicted to lie in the conduction band, but within the theoreti¬ 
cal uncertainty of the band gap: A \ cation site—Po, Sb, Ge, Bi, 
and Si; 7"j cation site—vacancy and F; <4 t anion site—vacancy 
and F; T 2 anion site—vacancy and F. Similarly, in the valence 
band near its maximum, one might find the following: A , cat¬ 
ion site—N, S, Se, and I; T 2 cation site—Hg, K, Na, and Cd; 

anion site—Li, Na, and K; T 2 anion site—Zn, Li, Cd, and 
Na. 
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FIG. 29. Predicted pressure derivatives dE/dP vs energy E 
for uniaxial stress applied to InSb alorg the [110] direction as in 
Fig. 5. 


pendicular to the [111] direction) and an a, state (a p 
state oriented along the direction of the applied stress). 
The point group is C Ju . 12 The situation for the pressure 
derivatives when the uniaxial stress is applied along the 
[111] direction is different from that of the [100] or [110] 
directions. Within the uncertainty of the theory, the 
curves of Fig. 6 never intersect one another (for impuri¬ 
ties on the same site) and so all T 2 levels in the gap are 
predicted to split under [111] stress—for either the 
cation- or anion-site impurities. Stress applied in the 
[111] direction can always distinguish between an s-like 
A, impurity state and a p-like T 2 impurity state, 19 be¬ 
cause the T 2 states have sizable splittings. However, 
such a stress can almost never give the site of the associ¬ 
ated impurity, because the states of the same symmetry 
but associated with different sites have similar values of 



FIG. 30. Predicted pressure derivatives dE/dP vs energy E 
for uniaxial stress applied to InSb along the [111] direction as in 
Fig. 6. 
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FIG. 31. Predicted pressure derivatives dE/dP vs energy E 
for uniaxial stress applied to Si along the [100] direction as in 
Fig. 4. Deep levels associated with the following impurities are 
predicted to lie in the conduction band, but within the theoreti¬ 
cal uncertainty of the band gap: A, —Po, Sb, Ge, and Bi; 
T : —0, N, and Cl. Similarly in the/valence band near its max¬ 
imum, one might find the following: A |—FandO; 7 2 —Kand 
Hg. 


dE/dP to within 1 meV/kbar, the uncertainty of the 
theory. 

The [111] stress derivatives dE/dP are quite different 
from the derivatives for stress applied in the [100] or 
[110] directions. The strains between nearest neighbors 
are different under [111] applied stress: the stress directly 
compresses one of the nearest-neighbor bonds and the 
three remaining bonds have angular distortions and ex¬ 
pand slightly (see Fig. 3). Because, to a good approxima¬ 
tion, one bond is compressed while the other three are 
only bent, a large splitting results between the a , states 



Energy (eV) 

FIG. 32. Predicted pressure derivatives dE/dP vs energy E 
for uniaxial stress applied to Si along the [110] direction as in 
Fig. 5. 
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FIG. 33. Predicted pressure derivatives dE/dP vs energy E 
for uniaxial stress applied to Si along the [111] direction as in 
Fig. 6. 

directed along the stress and the e states perpendicular to 
the stress. 

IV. OTHER MATERIALS 

The predicted [100]-, [HO]-, and [lll]-stress depen¬ 
dences of deep substitutional impurity levels in the semi¬ 
conductors A1P, AlSb, GaP, GaAs, GaSb, InP, InAs, 
InSb, Si, and Ge are displayed in Figs. 7-36. 21 In gen¬ 
eral, the trends found for AlAs are also found in the de¬ 
fect levels for the remaining zinc-blende III-V compound 
semiconductors. 
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FIG. 34. Predicted pressure derivatives dE/dP vs energy E 
for uniaxial stress applied to Gc alo the [100] direction as in 
Fig. 4. Deep levels associated with the following impurities are 
predicted to lie in the conduction band, but within the theoreti¬ 
cal uncertainty of the band gap: A, —Sb, Bi, and Si; 7*j—Cl, 
Br, S, C, and I. Similarly, in the valence band near its max¬ 
imum, one might find the following: A\— O, Cl, Br; T 1 —K 
and Hg. 
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FIG. 35. Predicted pressure derivatives dE/dP vs energy £ 
Tor uniaxial stress applied to Ge along thefl 10] direction as in 
Fig. 5. 


V. CONCLUSION 

We have examined the uniaxial-stress dependences of 
deep substitutional impurity levels in the semiconductors 
A1P, AlAs, AlSb, GaP, GaAs, GaSb, InP, InAs, InSb, Si, 
and Ge, for stress applied in the [100], [110], and [111] 
directions. Experiments involving stress in the [110] 
direction should be superior for determining the symme- 
try of a deep level and the site of its parent defect: under 
[110] stress the p-like 7* 2 levels should always exhibit 
significant splitting, with two sublevels most often mov¬ 
ing to higher energy if the defect occupies the cation site 
or with two levels normally falling to lower energy if the 
defect occupies the anion site. 
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FIG. 36. Predicted pressure derivatives dE/dP vs energy £ 
for uniaxial stress applied to Ge along the [111] direction as in 
Fig. 6. 


APPENDIX: THEORETICAL UNCERTAINTY 

We estimate the uncertainty in the theory for dE /dP 
to be — 1 meV/kbar. The primary source of uncertainty 
can be traced to the Green's function, and hence to the 
Hamiltonian matrix and its dependences on bond lengths 
and angles. The contribution by the bond-length depen¬ 
dence to the uncertainty has been thoroughly studied by 
Ren et al . 8 and Hong et al., 9 who varied the Hamiltoni¬ 
an matrix elements over the entire range of reasonable 
values and computed dE/dp for hydrostatic pressure p. 
They deduced an uncertainty of 0.5 meV/kbar, an esti¬ 
mate that has proven to be rather conservative in analy¬ 
ses of data. The angular dependences of the matrix ele¬ 
ments are fixed by symmetry, and so their contributions 
to the uncertainty come exclusively from the fact that the 
physics of a particular nearest-neighbor matrix element, 
for example, inadvertently contains some second- 
neighbor physics. Such contributions also occur with the 
hydrostatic pressure dependences, and so should be con¬ 
siderably smaller than 0.5 meV/kbar. An upper bound 
on the combined uncertainty is thus -1 meV/kbar. 
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Special k points for performing integrals over the Brillouin zone of [001] and [111] superlattices 
are obtained and discussed. If the superlattice period is taken properly, the number of special 
points required in order to reach suitable convergence can be greatly reduced. Twelve and ten spe¬ 
cial points will give the same accuracy for NX.M [001] and [111] superlattices, respectively, as 
Chadi’s and Cohen’s ten special points for bulk semiconductors, provided we have .V ~M=4n, with 
n an integer. These special points can also be used to calculate the correspondingxintegrals for 
strained bulk semiconductors. 


I. INTRODUCTION 

In many theoretical investigations involving the elec¬ 
tronic structures of solids, one often needs to calculate in¬ 
tegrals over the first Brillouin zone. Baldereschi 1 and 
Chadi and Cohen 2 suggested that such integrations can 
be accurately approximated by summing over a rather 
small number of special k points in the Brillouin zone, 
with different weights for each point. (Elaborations of 
the special point method have been given by Monkhorst, 
Puck, Chadi, and Cunningham. 3,4 ) For example, ten spe¬ 
cial points give very satisfactory results for the Green’s 
functions of bulk cubic semiconductors . 3 

In this paper we extend the special points method to 
[001] and [111] lattice-matched A'xA/ superlattice such 
as (GaAs). v (AlAs) Af , determining the special points for 
cases such that N +M = 4 / 1 , where N and M are the num¬ 
bers of two-atom-thick layers cf each slab of a superlat¬ 
tice (e.g., Na L /2 and Ma L /2 are the thicknesses of the 
GaAs and AlAs slabs in a [001] GaAs-AlAs superlattice 
period, where is the lattice constant of either hulk ma¬ 
terial), and n is an integer. The number of special points 
needed to obtain reasonable accuracy of such integrals 
can be greatly reduced if such a requirement is satisfied. 
In this paper we assume that the two components,of the 
superlattice are perfectly lattice matched. For [ 001 ] 
super- lattices the three-dimensional lattice translation 
vectors can be taken to be the following: (fl t / 2 )(W'i, 0 ), 
(a L /2H\, - 1 , 0 ), and ( a L /2)l0,0,N +M) for N -f M even, 
or (a t / 2 )( 1 , 1 , 0 ), (a t / 2 )(l.-!, 0 ), and (a t / 21 ( 0 ,l,jV 
+ Af) for N + M odd. For [111] superluttices the corre¬ 
sponding translation vectors are taken to be 
(tf t /2)(l,-l,0), (a t /2)(0,1, — 1 ), and (a L /2HN +A/, 
N +M,0). We choose the unit of wave vector k and the 
reciprocal lattice vectors G as 2 tr/a t , and A ( , k ,, and A 3 
are the three components of the reduced wave vector k in 
the x, y, and z directions 

k = (A|,A,,A J )(2rr/a / ). 

38 


Since the theoretical formalism is the same for any super¬ 
lattice consisting of cubic semiconductors, for simplicity 
of presentation, we discuss only zinc-blende GaAs/AlAs 
superlattices. 


II. GENERAL APPROACH 

We follow the general approach of Chadi and Cohen 
for generating special points. They begin with one or 
more wave vectors and, by subjecting these wave vectors 
to symmetry operations, generate the special poi,.ts. For 
zinc-blende crystals with a face-centered-cubic Bravais 
lattice, they generated ten special points k. based on the 
starting points (4> j,|), and (4,i,2). We see the 

equivalent special points for superlattices composed of 
zinc-blende layers. 

In generating the special points for zinc-blende materi¬ 
als, Chadi and Cohen actually used three types of symme¬ 
try: Ci) time-reversal invariance (k and -k are 
equivalent); (ii) point-group symmetry (k and T k are 
equivalent, where T is an element of the point group, J d 
for zinc-blende structures* 1 ); and (iii) translational symme¬ 
try (k and k+G are equivalent, where G is a reciprocal- 
lattice vector). 

For a superiattice, time-reversal invariance still ap¬ 
plies, but the point-group symmetry is lower (C 2 „ for a 
[001] superiattice and C v for a [111] superiattice, instead 
of Td for the bulk), and the translational symmetry is 
different: Certainly the reciprocal-lattice vectors in the 
direction of growth are different and some reciprocal- 
lattice vectors in perpendicular directions might be 
changed also for some superlattices. 

At first glance, the reduced symmetry appears to great¬ 
ly increase the number of special poim.s needed to obtain 
the same accuracy as obtained by the ten special points of 
Chadi and Cohen. For example, because of the lower 
symmetry of a [ 001 ] superiattice, its starting points corre¬ 
sponding to the three bulk generators ij.j.y'. ( 7 , 7 , 7 ), 
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and are (±T,±y,±y), (±|,±4-,±{), and 

(± 7 ,±j,±j), and produce, in principle, 8 3 =512 special 
points instead of the ten points of Chadi and Cohen. 
Here we show how the number of special points can be 
reduced from 512 to 12 for the [001] superlattice and to 
10 for the [ 111 ] superlattice—provided one restricts 
one’s attention to superlattices of special periods, namely 
NxM superlattices, such that N +M =4 n, with n an in¬ 
teger. 

III. [001] SUPERLATTICES AND STRAINS 
A. Superlattices 

For [001] superlattices, the C 2l . symmetry dictates that 
the starting points corresponding to the bulk (j.-j-jt) gen¬ 
erator be (y.T.T)i (y. -{.y). and y), with'weights 
|, y. and 2., respectively. Combining either ( 7 , 7 , 7 ), or 
(y,y> — y) with (± 7 ,±j,±j) for an arbitrary [ 001 ] super¬ 
lattice, using the method of Chadi and Cohen, we find six 
special pe : nts: Two have weights of and four have 
weights of j Recombining these sit: points with 
(±{,±j,±}) will give 40 points: 24 with weight -dj and 
16 with weight Repeating this procedure, but start¬ 
ing with (y. -y.y). yields 64 points, each with weight -dy. 
This gives a total of 40 + 64 + 40=144 superlattice spe¬ 
cial points corresponding to the 10 special>ints of bulk 
zinc blende. It is often impractical to use so many special 
points. 

For [001] superlattices with special periods, the 144 
special points can be reduced considerably by invoking 
translational symmetry. For example, consider a GaAs- 
AlAs N GtAi xM MM [001] superlattice such that. 

An, where n is an integer. (Here, for ex¬ 
ample, N 0tM denotes the number of GaAs molecular lay¬ 
ers per slab of GaAs. Hence a 1X1 superlattice consists 
of alternating layers of GaAs and AlAs, and a 2x3 su¬ 
perlattice alternates two GaAs layers and three AlAs lay¬ 
ers.) In this case, the reciprocal-lattice vectors of the su¬ 
perlattice are G,-(1,*1,0). G 2 =(l,- 1 , 0 ), and 

Gj=(0,0,1 /In), Because of the symmetry of this special 
period, any two of the 144 special points (k u k 2 , fc 3 ) 
that have the same values of fc, and k z coalesce into a 
single special point—reducing the number of distinct 
points to 20. Examination of the remaining symmetries 
reduces this set to 12 special points k, each with weight 
a, denoted by (k,a): 

(l J I . I \ ( S J I. I ) / 7 I I . I \ 

v i»7»7>i6 , ‘ v 7*7*x»T»'> 

i i. i i -1 \ / j j i. i \ /■ t i.i) 

'T*»’ I’M)'T‘7'7*!;' > 

[_Ii _i.i] 

V .1 ,» 4» | \ »• «• *» lt> 1 • 

(-11 _M) 

' «’»• »‘ 16 ' * ' *>f> t> *' > 

.1 

( — 1 2 1. i \ f i i I. i \ 

' »>»• *'7b'> U,1U ' 7>7> 7»T5'* 

These special points have been used to compute the 
Green’s functions of superlattices, for energies in the fun¬ 
damental band gaps . 7 


B. Strained bulk zinc blende 

One can consider bulk GaAs to be a degenerate form 
ofa GaAs-GaAs [001] superlattice. In this case, the su¬ 
perlattice has D 2 j symmetry rather than C 2| , symmetry 
(because the former AlAs of the GaAs-AlAs superlattice 
is now GaAs). Either the first six or the last six of the 
special points above (with their weights doubled) could be 
used for the D 2d symmetry, leading to results with the 
same accuracy as the ten special points of Chadi and 
Cohen. Of course, by viewing bulk GaAs t.s a 2x2 
GaAs-GaAs superlattice, the Hamiltonian matrix is four 
times as large as for bulk GaAs, and so evaluating six 
special points for sums involving functions of the larger 
Hamiltonian will be more laborious than evaluating ten 
for bulk GaAs. Therefore it does not make sense to treat 
bulk GaAs as a GaAs-GaAs superlattice, but bulk GaAs 
strained along the [001] direction has D : ,, symmetry, and 
so either the first six or the last six of the above 12 special 
points (with their weights doubled) can be used to evalu¬ 
ate integrals over the Brillouin zone for [001]*strained 
bulk GaAs. 

IV. [Ill] SUPERLATTICES AND STRAINS 
A. Superlattices 

For [111] superlattices, the point group is C v , and the 
generators of special points are (y,y,y) and (-y.y.y). 
with weights of ~ and ~, respectively. Combining (y,y,y) 
with (±{,±4,±{) and then (±4,±},±i), we obtain ten 
distinct special points, with weights of £, ^ or 
Starting with (— 7 , 7 , 7 ), we obtain 40 special points with' 
weights of or 75 ;, bringing the total number of special 
points to 50. This set can be reduced by considering 
iV GaAs +^ aias= 4rt, * n which case 1 ’. /An , 1 /An , 1 /4«) is a 
reciprocal-lattice vector. By adding this reciprocal- 
lattice vector, or its negative, to each of the 50 general 
special points, we reduce the number of distinct points to 
20: eight lie in a plane on the superlattice Brillouin-zone 
boundary which is perpendicular to the [ 111 ] direction 
and passing through the point ({, j,j), and 12 lie on a 
parallel plane within the Brillouin zone. Using transla¬ 
tional symmetry with reciprocal-lattice vectors t.i,— 1 , 0 ), 
(0,1,- 1 ), and (-1,0,1- together with C 3l . point-group 
symmetry, these 20 points reduce to the following ten dis¬ 
tinct special points k with weights a, (k;a): 

(2. i -i-J.) (A _! _!• _L) (JL1J.-2.) 

1 7 _ j i • M t" 5 . -M 

'7* k* »’ i*'* v 7* 7’ 7> 1 ’ 

5 t . J \ (7 5 I . } \ 

v 7>’ *» k* it'* '7* 7* s> j: ' » 

f s —1 (1 1 _i- ±) nnrt <_ 5 A !• ± \ 

'»> »>*>)2 , > '*»*> »’J2'’ a,,u v 7 , * , 7’»«'* 

B. Strain 

The GaAs-GaAs [111] superlattice has C 3l , symmetry, 
and so the above ten special points can be used for treat¬ 
ing Brillouin-zone sums for [l 1 l]-sirained bulk GaAs. 
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V. CONCLUSION 

Special points for superiattices can be computed using 
the method of Chadi and Cohen. By limiting oneself to 
>• • ecial-pi’riod superiattices, such as those for which 
i 'ojA< + -^AiA<='* w ' one finds that relatively few special 
points will provide accurate integrals ovei the superlat¬ 
tice Brillouin zone. We have presented 12 special points 
for /V x M [001] superiattices and ten for A' K\f [111] su¬ 
periattices, valid for tV +Xf =4 «, where it is an integer. 
However, our general approach can be used for generat¬ 


ing special points that will produce more accuracy or for 
superiattices that do not satisfy the condition 
S + .W =4/t. These same special points obtained for 
N >f \f =4// may be used for Brillouin-zone sums for 
strained bulk zinc-blende material. 
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ABSTRACT 

A formalism is developed for computing charge-state splittings of deep levels 
associated with paired defects in semiconductors and is applied to nearest-neighbor 
substitutional sulfur pairs in silicon. Self-consistent calculations predict a 0.19 eV 
splitting between the deep levels of nearest-neighbor (S.S)° and (S,S) + in Si, in 
good agreement with the experimental value of 0.18 eV. Computed ratios of 
hyperfine tensor components also agree with available data. Our results lend 
support to the meso-bonding theory of paired-chalcogen deep levels. 
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SULFUR NEA REST-NEIGHBOR DEFECT PAIRS IN Si 


1. INTRODUCTION 

Sulfur and other chalcogen impurities in Si are 
known to occupy substitutional sites and, when 
present in abundance, form nearest-neighbor pairs 
with deep levels in the fundamental band gap whose 
characters are currently controversial (1-4]. The 
deep level in the fundamental band gap for an iso- 
lated-S impurity in Si is known to have A, or s-like 
character [5], and is pulled down from the conduc¬ 
tion band by the strong (-7 eV) electron-attractive 
defect potential of a S atom (relative to the Si atom 
it replaces). It is somewhat surprising, then, to 
realize that a pair of S atoms, (S,S) produces a deep 
level at higher energy than an isolated-S atom, 
because the additional S defect potential should pull 
levels down in energy. Sankey etal. [2] explained 
this fact by showing that the A, deep level of iso- 
lated-S is pulled down in energy so much that it lies 
resonant with the valence band: The (S,S) deep level 
in the gap is derived not from the s-like A, level but 
from the p-like T 2 level of the isolated S defect, 
which for isolated-S lies in the conduction ba..d, and 
is pulled down into the gap by the defect potential of 
the second S atom. 

In explaining this fact, Sankey etal. made an as¬ 
sertion concerning the character of the “molecular” 
wavefunction for the (S,S) deep level in the gap: it is 
meso-bonding, namely an ^-symmetric bonding 
linear combination of the antibonding 7 2 -symmetric 
wavefunctions of the two isolated-S defects. (The 
7- state is resonant with the conduction band for 
isolated-S, not in the fundamental band gap.) This 
implies that the a,-symmetric (totally) antibonding 
linear combination of the isolated-S Ai-symmetric 
antibonding deep level wavefunctions lies at lower- 
energy. Further evidence supporting the Sankey 
viewpoint has been presented by Hu etal. [4] who 
also concluded that (S,S) is meso-bonding. 

However, Worner etal. [3] have interpreted data 
for the nearest-neighbor (Se.Se)* deep level in the 
gap as evidence for a totally antibonding state: an 
antibonding linear combination of antibonding 
isolated-Se A,-symmetric deep level wavefunctions. 
(Of course, the characters of the (S,S) and the 
(Se.Se) deep levels should be similar, according to 
all of the theories.) Thus there is a clear disagree¬ 
ment concerning the character of the main chalcogen- 
pair deep level in the gap, between, on the .me hand, 
Sankey et al. (2] and Hu et ul. [4] who favor meso- 


bonding, and, on the other, Worner etal. [3] who 
propose a totally antibonding state. 

In this paper we present calculations of the charge- 
state splittings of deep levels in the gap of Si associ¬ 
ated with chalcogen nearest-neighbor substitutional 
defects. Our goal is to determine if those splittings 
can be understood by using a theory in which the 
deep levels are meso-bonding in character—and we 
find that they can. Thus our results lend more sup¬ 
port to the viewpoint of Sankey etal. 

2. CHARGE-STATE SPLITTINGS 

The charge-state splitting of a deep level is a many- 
body effect which is zero in ordinary one-electron 
theories. It is the difference A E between the ioniza¬ 
tion energies E of the neutral and charged defects 
(S,S)° and (S,S) + . 

To understand the origin of charge-state split¬ 
tings, first consider the charge-state splitting of 
atomic He. Neutral He has two Is electrons in nearly- 
hydrogenic orbitals described by effective charges 
Z tt( =* 27/16 * 1.7 [6]. But He* has one Is electron 
in an orbital with an effective charge of 2. The differ¬ 
ence in ionization energies of a Is electron in He and 
He' is (assuming Koopmans’ theorem [7,8]) ap¬ 
proximately the Is orbital energy. Thus, for atomic 
He and for most atoms, the charge-state splittings 
A E are of order 20 eV and are Coulomb energies: 

A£~20eV~(e7r>. (1) 

where ( e l /r) denotes an appropriate Coulomb 
integral [6], and is of order e z /r„, where r lv is the 
average distance between, for example, the two Is 
electrons in He. 

For deep levels in the fundamental band gap of a 
semiconductor that are associated with substitutional 
point-defects such as S in Si. the charge-stale splitting 
is also a Coulomb integral of the approximate order 
of magnitude 

A£~r/er, v ~0.3eV. (2) 

This is about two-orders of magnitude smaller than 
in atoms because: {/) the dielectric constant e is of 
order 12 in typical semiconductors ( versus unity for 
atoms): and (ii) the average distance r„. is consid- 
erabh larger (a lattice constant rather than a Bohr 
radius) due to the antibonding character of the deep 
level wavefunctions [9]. In He the Coulomb forces 
cause the two Is e’ectrons to circumnavigate the 
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atom 180° out of phase (classically), and so their 
average separation is of the order of the Bohr radius. 
But the wavefunction of the S deep level in Si is now 
known to be antibonding in character (4,5.9-13}, 
and so is not peaked on the S atom but rather on 
adjacent Si atoms. Hence r lv is the average separa¬ 
tion of electrons on different Si atoms neighboring 
the S defect—of order a lattice constant, almost 1 an 
order of magnitude larger than a Bohr radius. 

The charge-state splitting of a meso-bonding (S,S) 
deep level in Si should be somewhat smaller than for 
isolated-S, both because the average inter-electron 
distance r lv isslarger for the “molecular" defectjthan 
for the “atomiV” defect and because the “molecular” 
deep level has wavefunctions that are T, or p-like in 
character, with even less amplitude in the S cells 
than the A x or s-like states of the isolated-S deep 
level. Thus, if the meso-bonding character of nearest- 
neighbor puired-chalcogen deep levels in Si iscorrect, 
the theory should be able to correcttydetermine the 
magnitude of the charge-state splitting. 

3. MODEL 

To evaluate the charge-state splitting of a chalcogen 
pair in Si, we employ the Hjalmarson etai theory of 
deep impurity levels [14] in combination with the 
Haldane-Anderson scheme for introducing Coulomb 
effects (15,16]. This approach has been used suc¬ 
cessfully by Sankey etai [10] to discuss deep levels 
caused by interstitial impurities in Si, by Vogl and 
Baranowski [17] to treat deep levels of transition- 
metal impurities in semiconductors, and by Lee etai. 
[9] to determine charge-state splittings of deep levels 
associated with substitutional point defects in semi¬ 
conductors. We first repeat the theory of Lee el al ., 
which is a self-consistent tight-binding model of deep 
levels, and verify the physics of the model for iso¬ 
lated impurities (while rectifying some numerical 
errors [18]), and then extend the theory to paired 
defects. 

4. THEORY 

4,1. General 

The Hamiltonian H 0 of the perfect Si crystal is taken 
to be the one-electron tight-binding Hamiltonian 
of Vogl etai [19]. Expressed in terms of the tight- 
binding basis states [/, b, k) obtained from the local¬ 
ized orbitals (/,£>, S) centered on the 6-th site in the 
unit ce-l at S: 


]/, b . k) = AT 1 '- S s exp(/k-S+/k-v b ) [/, b, S), (3) 

the Hamiltonian in k-space is: 

H 0 (k)= |t, b, k) £(/, b) <t, b, k| 

+ 2/., (|i,a,k) T{ia,jc) (/,c,k| + h.c.] .(4) 

Here h.c. means Hermitian conjugate, / and j run 
over the basis orbitals, s. p,, p,., p., and s*. and b labels 
one of the two sites in the unit cell of Si (we shall 
refer to the sites as anion (=a) and cation (=c) sites 
to emphasize'that .the theory for diamond-structure 
Si can be applied to zincblende-structure semi¬ 
conductors as well). The parameters £(/, b) and 
T(ia,jc) are tabulated in reference [19]. The eigen¬ 
states of H 0 aretH Bloch waves |/t. k) of Si, and the 
eigenvalues £ n (k) : are the host band structure. 

The perturbed Hamiltonian iV describes the (S,S) 
defect, and the defect potential-is V * H-H a . The 
Hamiltonians H and H 0 are similar in form, with the 
localized basis functions for H being (formally^ 
Lowdin orbitals. The defect levels £ are the solu¬ 
tions of the secular equation 

det(l-G o (£)V)=0, (5) 

where G 0 (£) is the perfect-crystal Green's function 
operator 

G 0 (£) = (£-//„)". (6) 

In cases such that £ is degenerate with a host energy 
band, the boundary conditions are satisfied if we 
replace £ with £+/e, where e is a positive infinites¬ 
imal. The advantage of the Green’s function formalism 
is that the dimension of the secular equation matrix 
is small: the size of the defect matrix V rather than 
the size of the crystal. Determining the defect energy 
levels in this formalism reduces to: (/) constructing 
the host Green's function G 0 (£); (ii) obtaining 
the defect potential V ; and (Hi) solving the secular 
equation for £. 

4.2. Green’s Function 

The host Green's function is 

G 0 (£) = S„, k (|/t, k) (n, k|]/(£-£„(k)]. (7) 

4.3. Defect Potential 
4.3.1. Symmetry 

The defect potential V is assumed to be a mean- 
field one-electron potential whose value depends on 
the charge-state of the (S.S) defect. The solution of 
the secular equation is facilitated if the range of this 
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potential is minimal. Therefore, we neglect: (/) the 
long-ranged non-central-cell Coulombic parts of the 
defect potential; (/'/) lattice relaxation around the 
impurities; and (Hi) matrix elements of the potential 
associated with s’ orbitals. These approximations 
have been discussed in other contexts [14], are 
standard approximations for treating deep levels, 
and lead to errors of a few tenths of an eV in pre¬ 
dicted absolute deep level energies [14,19]. Since 
our goal is to understand the physics of charge-state 
splittings, which are differences in deep level energies, 
the errors introduced by these approximations for 
each of the deep levels should, to a large (but not 
complete) extent, cancel in the difference. Concen¬ 
trating on the form of the first-order perturbation 
correction to the energy and using the fact that most 
of the electronic charge in a deep level is distant 
from the defect [5], we estimate the anticipated 
uncertainty in the charge-state splitting as the uncer¬ 
tainty in the absolute energy, position of a deep level 
multiplied by the fractional difference in the central- 
cell charge densities (See Tables 3 and 4, below.)—of 
order 0.01 eV for (S,S) in Si. Thus the theory of 
charge-state splitting should be qualitatively 
predictive, chemically correct, and quantitatively 
accurate. 

Thus we take the defect potential (in a localized 
Lowdin orbital basis of s, p„ p v , and p. orbitals) to 
involve only the two S sites and the six neighboring 
Si sites directly bonded to S atoms. Hence the defect 
matrix is a 32 x 32 matrix. The omission of a more- 
distant Si site at R introduces a small error of order 
e : |il/(R)| : v/eR in the absolute deep level energy and 
e : 8|<Jj(R)( : v/t/? or -0.01 eV in the (S.S) charge- 
state splitting, where v is the atomic volume and 
8|i|/(R)p is the difference in wavefunctions of the 
charged and neutral defects, and is small. (See 
Tables 3 and 4, below.) The point-group symmetry 
of a substitutional isolatcd-S defect in Si (or in a 
zincblende semiconductor) is tetrahedral: T d . The 
group of a (S.S) pair oriented along the (111) crystal 
axis is Cj„. with the vertical reflection plane bisecting 
the (111) bond. (Note that the symmetry is reduced 
to C; for a (Se.S) pait. for example.) The irreducible 
representation.' of C H . are a, (o-like), a : (rotation 
about the S-S bond), and e (--like). By selecting as 
basis function the linear combinations of Lowdin 
orbitals that transform according to the irreducible 
representations of C h . (See Table 1), the secular 
determinant matrix assumes the form of a direct sum 
matrix 10a,~?.a ; +l()e, and the 32x32 secular 
determinant factors into one 10x10 determinant. 


one 2x2 determinant, and one 20x20 determinant, 
each with the form 

det(l-C 0 V r ) = 0 , (8) 

but involving only matrix elements between the basis 
functions of the irreducible representations. For 
example, the 2x2 equation for a : *symmetric deep 
levels is 

1-(1|G 0 |1)(1|V|1> - (l|Go|2)(2|K|2) 
-<2|a 0 |l><ljK|l> 1-(2|C 0 |2)(2|K|2) W 

where |1) and |2) are the basis functions for the a z 
representation listed in Table 1, and we have 

Oil'll) - (l/6){K(p„R : ) + K(p r .R,) + V(p,.R 4 ) 

+ V(p„R,) + V(p ; ,R 3 ) + V(p.,'R 4 )} 

(10a) 

(2|V|2> = (1/6) (V(p,,R 7 ) + V(p„R s ) + V(p,.R 6 ) 
T%.R 7 ) + V(p,R j ) + %.RJ} 

(10b) 

Here we have R„ = (0,0,0) and R, = (a L /2)(l,l,l); 
these are the positions of the substitutional sulfur 
atoms in the silicon crystal. The neighboring Si 
atoms are at the positions R- * (aJ2)(- 1, — 1,1). 
R 3 = (aJ2) (1, -1, -1), R 4 = (aJ2) (-1.1, -1). 
Rj * (aJ2) (0,2.2), R 6 = (aJ2) (2,0,2), and 
R, = (aJ2) (2.2,0), where a L is the lattice constant 
of the perfect silicon crystal. We have also assumed, 
following Hjalmarson etal. [14], that there is no lat¬ 
tice relaxation and hence that the defect potential is 
diagonal. (Therefore we take V(p |1 ,R / ) = V(p,(Si)) 
for all p and l</<8.) 

Similarly, for a, (or-like) levels we have: 

det D-Q, (11) 

where, 

10 

/>„ = (l-G o n, = 8 f ,-I <f|C„|/></|V|/> (12) 

/* i 

Here 8 is a Kronecker delta, and (/), with /= 1.2.10, 

are the basis functions for the a t irreducible repre¬ 
sentation (Table 1). If we adopt Hjalmarson’s 
approximations for the potential, we find 

D,^K,-(i\^\i}mi). (13) 


The Arabian Journal for Science and Engineering. Volume 14, Number 4. 


October 1989 



G. Kim, J. D. Dow, and S. Lee 


Table 1. Basis Functions of the Irreducible Representations for Paired Sulfur Impurities. 
Irreducible 

Representations Basis Functions 

o fC u ___ 

“i Is.RJ. 

is.R,). 

(1/V3) {|s,R 2 > + |s.R 3 ) + |s, R 4 )}, 

(l/V3){|s,Rj)-r|s.R 4 ) + |s,R 7 )}. 

(1/V3) {|p., R 0 ) + |p,, R 0 > + |p„ R 0 >}, 

(1/V3) {|p ; .R|> + J Pr » R,) + Ip,, R,»> 

( 1 /V3) {|p ; , Rj) + | P „ ? 3 > + |p„ RJ}, 

(l/A/3) {|p., R 7 ) + ip,, Rj) + | Py , RJ}, 

(1/V6) {Ip,, Rj> + |p,, Rj) + |p x , R 4 > + |p y , RJ + |p. t Rj) + |p.,RJ}, and 
( 1 /V 6 ) {|p x , RJ + |p„ R } > + |p x , RJ + Ip,., R 7 > + |p ; , Rj) + |p„ R 6 >} 

( 1 /V 6 ){|p x , R J + |p,,R J - |p x , RJ - Ip,.RJ - lp ; . R J + Ip*.R J}. and 
(1/V6) {|p x , R 7 ) + |p,, Rj) - |p x , RJ - |p,, R 7 > - |p... Rj) + |p : , R 6 )} 

e (l/V6){2|p„R 0 )-|p y ,R 0 )-|p..,R 0 )}, and 

(l/V6){2|p„R 1 )-|p y ,R l )-|p ; ,R,)}; 

(l/V2){|p,,R 0 )-|p ; ,R 0 )}, and 
(1/V2) {|p„ R() - |p., R J}; 

(l/V6){|s.RJ-2|s.RJ + |s.RJ}, and 
(l/v' 6 ) (|s,R 7 ) - 2 |s.R 5 ) + |$,RJ}; 

(l/V2){|s,R : )-|s,R 4 )}, and 
(1/V2 ){|s.R 7 )-|s.R 6 )}; 

(1/Vl2) {2|p x , R : > - |p,„ Rj) + 2|p x , R 4 > - |p,, Rj) - |p.-, Rj) - |p : . R 4 )}. and 

(I/V12) {2|p x , R 7 ) - |p„ Rj) + 2|p x ,R 6 ) - |p,,R 7 ) - |p.-, Rj) - |p : . R^>}; 

(1/V12) {2|p x , R : > - |p„ Rj) - 2|p x , R 4 ) + |p,, Rj) + |p.. Rj) - |p-. R 4 >}. and 

(1/V12) { 2 |p x , R 7 ) - |p„ R } ) - 2 jp x , R s ) + |p,, R 7 ) + |p ; . Rj) - |p ; . R J}: 

(1/V6) (Ipj.Rj) - 2|p x , Rj) + |p,,RJ}, and 
(l/v'6) {|p..RJ - 2 | Pi ,R 5 ) + |p,,RJ}; 

(l/V2){|p.,R ; )-|p,.R 4 )} and {l/V2){|p : .R 7 >-|p„R 4 )}; 

(1/2) {|p,, R;> + Ip,. Rj)} - |p : , Rj) - |p.., R 4 », and 
(l/2){|p,,RJ + |p,.Rj)}-|p-,Rj) — |p-.R 6 )}; and 
(1/2) Hp,. Rj) + |p,. Rj)} + |p.-, Rj) - |p.., R J}, and 
(1/2) {-|p„ R 7 ) + |p„ Rj)} + |p ; , Rj) - |p ; , R 4 )} 


Hero we have 

<1|K|1) = ns.Ro) = t'(s,(S)) = <2|V/|2) = K(s.RJ, 

(3|V'|3) = (>/J{K(s.R ; ) + V'(s.Rj) + l'(s,RJ} 

= K(s.(Si)) = (4|V|4>. 

(5|K|5) = (16) {K(p ; . RJ + V(p x , RJ + V(p„ RJ} 
»n P .(S)) = <6[K|6>. 

and. for n = 7. 8, 9. and 10. 


<rt|K|/t) = (16) {V(p ; , RJ + V( Plt , RJ + V(p„ RJ} 

= V(p,(Si)). (14) 

Here we have V(s.(S)) = K(s.RJ. 
^( P .(S)) = V'fo.RJ, K(s.(Si)) = V(s,R:). and 
V(p,(Si)) = V^p^RJ, where p. is .r, y, or z. 

For Tr-like estates we have a similar secular 
determinant to Equation (13) involving the basis 
states of Table 1, with 
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for m = 9, 10.20. (15) 

Similar results hold for the isolated-S defect, with 
the basis functions of Table 2 (See Appendix.) 

4.3.2. Dependence on Mean-Field 

The effective mean-field potential felt by an elec¬ 
tron in a deep level depends on the charge-state of 
the level, muchas in atomic physics the potential and 
orbital energy depend on the atomic charge state. 
For example, in He* the Is electron’s potential is 

Table 2. Basis Functions of the Irreducible Representations for an Isolated Sulfur Impurity 
in Si at the Origin. The Notation is the Same as for Table 1. 

Irreducible 

Representations Basis Functions 

of r„ __ 

ls,R 0 ), 

(1/2) {|s,Rj> + |s,Rj> + |s,R 3 ), + |s,R«>}, and 

(1/V12) {|p x , R|) + Ip,, R|> + !p„ R,> - |p„ Rj) - |p,, Rj) + |p ; , Rj) 

+ ip,. Rj> - lp y .R j> ~ Ip.-. Rj> - Ip*. R«> + Ip,. R<> - Ip.-, R«» 

£ (1/V24) {2|p„ R.) - |p,, r,> - |p.., r,> - 2| Px , R : ) + |p,, R,) - |p,. R,) 

+ 2|p x ,Rj> ^|p,,Rj> .+ |p.,R 3 > - 2|p,,R 4 ) - |p,, R 4 ) + |p,,R 4 )} 
and 

(i/Vs) {|p,, R.) - |p,, Rj) - |p,, r 2 > - |p„ Rj) - |p„ Rj) + Ip,. r 3 > 

+ IPy,R<> + lp.-.R4>} 

T| (1/V8) {|p v , R|> - |p„ Rj) + |p,, Rj) + |p.,R 2 > - |p,, Rj) + |p„ R 3 > 

- IPy.Rl) ” IPj.Ri)} 

(1/V8) (|p„ R,> - |p„ R,) + |p„ R,> + |p„ Rj) - |p„ Rj) + |p„ Rj) 

-|Pi.R«>-|p.-.R«>} 

(i/V8) {|p x , Rj) - |p,, r,) + Ip^Rj) + |p,, Rj) - |p„ Rj) + |p,. r 3 ) 

“ lp 4 > R<) " IPyi R<)} 

|p,.R 0 ),|p,,R 0 ), and |p,,R 0 ); 

(1/2) fls.R,) - |s,R : > + |s,Rj) - Is.Rj)}, 

(1/2) (|s.R,> - |s,Rj) - |s.Rj) + |s,K 4 '}, and 
(1/2) {|s.R,) + |s.Rj) - |s.Rj) - |s,R 4 )); 

(1/2) (|p x .R,) + |p„ Rj) + |p x , Rj) + | Pj , R 4 )}, 

(1/2) (!p,,R|) + |p,. Rj) + ip,. Rj) + |p,. R 4 )}, and 
(1/2) (ip,. Ri) T |p,. Rj) + |p,. Rj) + |p,, R 4 )}; and 
(i/Vs) (|p,. R,) + |p,, R : ) - |p,. r,> - | Pt „ r 4 > 

+ Ip.-.Ri> - Ipj.R?) - Ip.-Rj) + Ip.-Ri)}. 

0/S) (|p,.R|) + Ip x , Rj) ~ |p 4 . Rj) ~ |p 4 . R 4 ) 

+ |p.. R,) - Ip.-.Rj) + |p..Rj) - |p,.R 4 )}. and 
(i/Vs) (jp,. r,) - |p„ R,) - |p. t . Rj) + |p,. r 4 > 

_ +|pv-Rl) - lpy. Rj> + IPy. Rj> - Ip,. «4>} 


(n\V\n) »(l/6){V(p x , R 0 ) + V(p„ R,) + V(p„ R 0 )> 
= V(p,(S)), 

for n = 1, 2, 3, and 4, and with 

d\V\l) = (1/6) {V(s,Rj) + 4V(s,Rj) + ’/(s,R 4 )} 

» K(s,(Si)), 

for / = 5, 6, 7, and 8, and 

(m\V\m) * (i/12){41'(p„Rj) + V(p„R ? ) 

+ 4V(p„R 4 ) +V(p,,R 2 )+V(p„R,) 
K(p x ,R 4 )}» V(p,(Si)), ! 
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-2e'/r, but in He 0 the effective (Hartree) potential 
is -Z t k e'lr, where Zell is 1-7 [ 8 ]. Haldane and 
Anderson [16] have proposed a simple!scheme for 
treating such Couiomb-induced charge-state effects. 

The atomic orbital energies are written 

E(s.cr) = £f+i/„i;.n(s,or') 

+ U v I tuo .n(p ll ,(T') ( 1 6a) 

and £(p v ,or) » £ p °+ U pp Zi a -n{^,(r') 

+ U i9 Z,.n( s,cr'), (166) 

where o- is a spin index (up or down), v and p.xun 
over x, y, and z, and the prime on the summations 
means that terms with <r * cr' and v * p. are excluded. 
The occupation numbers n are either unity or zero in 
atoms. The Coulomb integrals U u , U, f , and U„, 
together with the orbital energies E° and £ p °, are 
determined by fitting atomic spectra. (This has been 
done for S and Si by Sankey etal. [10].) 

In the Haldane-Anderson scheme, the occupa¬ 
tion numbers for atoms in the solid are allowed to 
assume non-integral values (reflecting the fact that 
the charge is not localized on a single atom). Thus 
there are occupation numbers n(i,cr;R) for each 
site, and expressions for the orbital energies analo¬ 
gous to Equations (16a) and (166) at each site. 
(Note that R labels the site, not the unit cell, and so 
can refer to either an anion or a cation site.) 

The occupation numbers n(i, <r;R) in the defect- 
perturbed solid are 

«(/, cr;R) - j /(£)</, o;R|S(£-H)|/, 07 R) d£, (17) 

where /(£) is the Fermi-Dirac function (which, at 
zero temperature is unity for valence band states and 
occupied deep levels in the gap, and zero otherwise). 

The spectral density operator 6 (E-H) is related 
to the perturbed and unperturbed Green’s function 
operators G and G 0 as follows: 

5(£-//) ■ (—1/tt) im G 

~(~l/~) Im [G 0 (l-G tf V')' 1 ] . (18) 


Thus at zero temperature we have 


n(i,< j;R)- (-1/ir) 


Im (/,o\R|C(£)|/,ct.R) 


+ Z i \(i,cr;R\%)\ i (19) 

where £„ is the valence band maximum and the sum¬ 
mation runs over the occupied bound state: in the 


band gap. The bound states are normalized according 
to the condition [ 20 ] 

{%\VmE)[G a (E)} m ( ) = -l. (20) 

Following Hjalmarson etal. [14], the defect 
potential V*H-H 0 is diagonal in a Lowdin-orbital 
basis for the perturbed crystal, with the values 

</,cr;R|V’j/,cr;R)« 3 i [£(/,a;R)-H'(/,a;R)] (21) 

where (3, = 0.8 for / = s and (5, = 0.6 for i = p x , p y , 
or p. [14]. W is the value of £ for Si. Thus the defect 
potential depends implicitly on the occupation 
numbers n through Equations (21) and (16), and the 
occupation numbers depend on the defect potential 
through Equations (17), (18), and (19). The differ¬ 
ence between (S,S)* and (S,S)° comes ultimately 
from the difference in occupation numbers n, which 
are self-consistently determined. We solve this prob¬ 
lem iteratively and find a self-consistent solution to 
the equations. The resulting occupation numbers 
are given in Table 3. As expected, (t) they add to 
(almost) six electrons per S atom and four per Si, 
and («) they are almost the same for (S.S)* and 
(S,S)°—as was the case for isolated S + and S° [9] 
(See Table 4.). 

5. RESULTS 

5.1. Charge-State Splitting 

The principal result of the calculation is a charge- 
state splitting for (S,S) of 0.19eV that agrees re¬ 
markably well with the experimental value of 0.18eV 
[12,13]. For the isolated substitutional sulfur impurity, 


Table 3. Computed Occupation Numbers n(/,o;R) 
for the (S,S) Defect in Si. 


Occupation Number 

(S.S)° 

(S.S)^ 

2 „n(s<7;R 9 ) 

2.01 

1.96 

-*.*«( P^:R») 

3.86 

3.86 

Z 9 n( so;R : ) 

1.26 

1.26 


2.65 

2.60 

Table 4. Computed Occupation Numbers for the 
Isolated-S Defect in ,:i. 

Occupation Number 

(S r 

(sy 

S,n(so:R 0 ) 

1.97 

1.92 

^ ® o) 

3.84 

3.87 

2„/i(s(t:R|) 

1.25 

1.30 

-^"(P^Ri) 

2.64 

2.57 
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we find a charge-state splitting of 0.27 eV, compared 
with the experimental value of 0.30 eV [12,13). The 
smaller charge-state splitting for the gap deep level 
of (S,S) than the gap level of S is due largely to the 
p-like character of the “molecular” level (which is 
derived from the isolated-S T 2 resonance in the con¬ 
duction band, not from the isolated-S A, deep level 
in the gap). Because of this p-like character, the 
deep level of (S,S) + has only about 5% of its elec¬ 
tron’s charge on either S site, whereas the s-like A, 
deep level of $* has about 10% of an electron in the 
central cell. (See Tables 5 and 6.) About 54% of the 
charge lies on the six neighboring Si atoms, with the 
rest being further away from the defect. 

5.2. Charge Densities and Hyperfine Tensor 

Our charge densities are essentially the same as 
those of Sankey etal. [1,2] for(S.S)* and Ren etal. 
[5] for (S) + —-and so agree with the data 
[3,11,13,21,22], as those theories do. For sulfur 
pairs Sankey’s wavefunction coefficient -y, [2,21,22] 
is 0.21 and 0.20 for (S,S)° and (S,S)*, respectively; 
we find 0.18 for both charge states [23]. 

The hyperfine tensor A depends on the contact 
interaction with the nuclei and hence samples the 
deep level’s charge density at the relevant sites. Thus 
the various measured ratios of hyperfine tensor ele¬ 
ments are related to charge densities at the defect’s 
sites, as discussed in detail by Sankey etal. [1,2]. 
We find 

(A,-A i )/(A t +2A 1 ) - 0.016, 

compared with Sankey's values of 0.015. (These 
small values explain why the experimental hyperfine 
tensor has appeared to be isotropic for such an aniso¬ 
tropic defect.) We are unaware of any measurement 
of this ratio for (S,S)\ but the corresponding ratio 
measured for (Se,Se)’ is 0.01 [3]. The comparison 
of theoretical results for (S,S) with data for (Se.Se) 
is appropriate, despite one's initial impulse to the 
contrary, because the wavefunctions of S and Se deep 
levels in Si are known to be almost the same [2,5], 
due to the antibonding character of the deep levels: 
these levels are Si dangling-bond-like [14]. 

For the ratio of S-site hyperf..: tensor components 
of the “molecule” (S,S)* and the “atom” (S)*, we 
find 

Aj[(S,S)*]M[(S)'] = 0.35, 

in agreement with the experimental value of 0.37 [3]. 
(The same result is obtained for Se and S [3], lending 


Table 5. Computed Electronic Charge Distribution of 
the jj-Symmetric Meso-bonding Deep Level State in the 
Fundamental Band Gap of Si Associated with Nearest- 
Neighbor Substitutional Sulfur-Pair Impurities (S,S)*. 
The Index Runs Over x, y, and z; the Index R j Runs 
Over R, and R,, That is, Over the Sulfur Site*-: and 
R j. Runs Over Rj, R„ R 4 , R„ R ( , and R 7 : the First- 
Neighbor Silicon Atoms to Each S Impur/y. 


State Electron Charge (%) 


2 y |(*|s.R y (S)>| 2 /2 

3.4 

SJ<*|p*.K,(S)>l 2 /2 

1.9 

I r K'P|s.R / .(Si))|V6 

1.3 

S;-.,K'P|p u ,R y (Si))|V6 

7.7 


Table 6. Computed Electronic Charge Distribution of 
the A| Deep Level State in the Si Band Gap Associated 
with a Single Substitutional Sulfur Impurity (S) + . The 
Index p, is x, y, and z. 


State Electron Charge (%) 


!<V]s.R 0 (S»|= 

9.6 

Sj^lp^RofS))! 2 

0,0 

S / |<^|s,R / (Si)>|V4 

r:'7 

-/,i»lWP»,Ry(Si))l J /4 

13/8 


support to our argument that the ratios of hyperfine 
tensor components are almost independent of 
chalcogen.) 

We find the ratio of perpendicular to parallel prin¬ 
cipal hyperfine tensor components to be 

AJA^ 0.95 

for (S,S) + . This is in good agreement with the value 
0.97 that Wfimer and Shirmer [3] found for (Se,Se) + . 
(The corresponding ratio for (S,S)’ could not be 
determined experimentally.) 

Thus our results describe the data very well and so 
lend support to the meso-bonding picture of the 
(S,S) deep levels in the gap of Si, while confirming 
the antibonding character of the A, isolated-S deep 
level. 

5.3. Absolute Level Positions 

The Vogl model of electronic structure has a 
feature that is reflected in the absolute energies of 
the calculated S and (S.S) deep levels, namely the 
p-states are artificially depressed in energy due to 
the strong s*-p coupling, necessary to produce the 
correct indirect fundamental gap while simultane¬ 
ously restricting th«. basis set to only five orbitals per 
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atom. As a result, the calculated absolu'.* deep level 
energies of both S and (S.S) are several tenths of an 
eV below the corresponding experimental values 
[24]. This problem is analogous to a more serious 
difficulty of local density theory, which yields band 
gaps too small by typically a factor of two [20,25,26]. 
In the Vogl model of Si, the strength of the s*-p 
coupling is adjusted to depress the indirect conduction- 
band minimum to its observed energy. This has the 
effect of also depressing p-like deep levels in Si, 
sometimes by too much. One could, of course, 
correct for this by including more and more orbitals 
in the basis set; but the costs of such a correction, in 
terms of increased computational labor and reduced 
physical transparency, normally outweigh the bene¬ 
fits. It is easier, and almost as accurate, to simply 
mentally adjust the p-like deep level predictions of 
the Vogl model upwards in energy by a few tenths of 
an eV; normally it does not make sense to formally 
correct the theory. Nevertheless we can assess the 
seriousness of this problem by increasing the energy 
of the s* orbital until the neutral isolated-S deep 
level coincides with the experimental level at 0.86 eV 
(with respect to the valence band maximum) and 
then determine if the charge-state splittings of S and 

(5.5) , as .well as the absolute energy of the (S,S) # 
level, agree with the data. In this case we find that 
the charge-state splitting of S is 0.32 eV (compared 
with the experimental value of 0.30 eV [12,13j and 
the value 0.27 eV obtained with an unadjusted s* 
energy), the charge-state splitting of (S.S) is 0.15 eV 
(versus experiment with O.lSeV [12,13] and unad¬ 
justed theory of 0.19 eV), and an absolute (S,S)° 
level of 0.97 eV, in agreement with the observed 
energy 0.98 eV. Furthermore the totally antibonding 
A,-derived o,-symmetric deep levels of (S,S)° and 

(5.5) * lie in the valence band, not in the gap [27]. The 
calculated charge-state splitting is almost independ¬ 
ent of the approximations of the spY Yogi model. 

6. SUMMARY 

We conclude that the basic physical picture of a 
meso-bonding (S,S) deep level in the fundamental 
band gap of Si is valid, that the charge-state splitting 
of (S.S) is smaller than that of isolated-S because of 
the p-like meso-bonding character of (S,S) versus 
the s-like A, character of the S deep level, and that 
the theory predicts the charge-state splittings, cliurge- 
densirics, and hyperfine tensors with rather good 
accuracy: for example, the uncertainty in the charge- 
state splitting predictions associated with quirks of 
the model is of order 0.01 eV. 
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APPENDIX: ISOLATED SULFUR 

For a single substitutional S impurity in Si. the 
defect potential involves the impurity site and the 
four neighboring sites. With the relevant Lowdin 
orbitals being s, p x , p r , and p., this leads to a 20x20 
defect matrix, and tetrahedral (T d ) point-group 
symmetry. The twenty basis functions form linear 
combinations (See Table 2) that reduce the secular 
matrix to the direct sum 3A, + £+r,+4f : . 

Our calculated results for S in Si differ in numer¬ 
ical detail from those of reference [9], although the 
physics of reference [9] is still correct. The present 
numerical results supersede those of reference [9], 
and are different as detailed in reference [18]. The 
resulting occupation numbers are given in Table 4. 
The wavefunction coefficients y, [2] for (S)° and 
(S)* are 0.30 and 0.31, respectively. These compare 
favorably with the value for (S)* of 0.32 obtained by 
Ren etal. [5]. Thus we have 9.6% (Table 6) of the 
deep level’s charge in the central cell, whereas the 
experiments find =» 10% [13,22], Moreover, the 
nearest-neighbor hybrid is 89% p-like in the present 
theory (See Table 6: [13.8/(1.7+13.8)]), compared 
with =« 91% deduced from ESR and ENDOR data 
by Grimmeiss etal. [13] and Niklas and Spaeth [22]. 
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ABSTRACT 

The strain energy of ordered phases of ternary III-V alloys has been estimated. 
A chaicopyrite structure is found to always have a lower strain energy than 1*1 
superiattices oriented along the (0.0,1) or (1,1.1) directions. Ga-As and In-As bond 
lengths in ordered compounds GalnAso are found to be in ®ood agreement with the 
Mikkelsen-Boyce EXAFS measurements for the alloy. The effect of both ordering and 
strain on the oandstructure is also considered. 

I 

1. INTRODUCTION 

Recent reports of new ordered structures in the ternary III-V alloys Afi.xGa.tAs. 
'GaAsi-xSbx and Gaj. x InxAs for x s ^ and x: {■ have kindled considerable interest in 
the semiconductor community. Remembering titat a zinc-blende structure is composed 
of two face-centered cubic (fee) sublattices, and ignoring the atoms located on the 
"passive" non-ordering sublattice, one finds that the newly discovered x * f 
semiconductor structures, termed the (0,0.1) 1*1 superlattice, chaicopyrite, and (1,1,1) 
1*1 superlattice (see Fig. 1), are all related to the fee special-k point structures of 

metals: (0,0,1), (0,$,1). and (1.1,1), space groups P4/mmm, I4i/amd, and RJm. 2 


ABC 2 Structures 



( P 4 2 m ) (I 4 2d ) (R3m) 


FIGURE 1. Special-k point structures for ordered compounds ABCs: k = (0,0.1), 1*1 
superlattice oriented along the z direction; k = (0,j,l), chaicopyrite: and k = (1,1,1), 
!*1 superlattice oriented along the (1.1,1) direction. Also shown are the respective 
space-group desiccations of each crystal type. Note, each structure is shown 
undistorted fr-u:: the parent zinc-blonde form. Cations A and 1. are siiown as large 
open and shaded circles, respectively, and the anions C arc shown as smaller filled 
circles. 
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The structure reported for x = |, famatinite, shown in Fig. 2, is also a (1 f 0) spccial-k 
structure. 

Not known presently is the 
stability of the phases found. All 
ABjC 4 Structures experimental reports have used 

^ —-——o epitaxial growth, suggesting strongly 

riVV^ ! YTV^Tf ! the possibility of strain stabilization, 

i | ! Mbaye et al., 3 who have calculated a 

!Q[ P 1 , P^\JP| phase diagram in a tetrahedron 

j 0^ i sC .XL I approximation, used strain argu- 

^ "g ? ments to explain why ordered phases 

YTyA/f' j YTyVl I are not normally seen. 

IX’prsXJ |/>AL| The existence of sizable strains 

I \/Pi in the materials due to the tetrahed- 

: i I ra ^ S P 3 b°nd is clearly the feature 

/—j gQr]^?-■■■■& & that distinguishes the semiconductor 

,als. This paper investigates the 
1 2 m 3 i effects of strain on the now ordered 

compounds. Strain energies for the 

FIGURE 2. Special-k point five special-k structures are found, 

structures for ABaC* ordered Finally, the effects of strain and 

compounds: k = (0.0,1). luzonite, order on the bandstructure of the 

and k = (0,{,1), famatinite. new ordered forms is investigated, 


Famatinite 
( 142 m ) 


Luzonite 

(P43m) 


FIGURE 2. Special-k point 
structures for ABaC< ordered 
compounds: k = (0.0,1). luzonite, 
and k = (0,{,1), famatinite. 


using as examples the (0,0,1 )-oriented superlattice and chalcopvrite ordered structures. 
2. THEORY 

2.1 The Effects of Strain on Structure 

We estimate the strain energy of a semiconductor from a simple 
phenomenological formula due to Harrison: 4 


W- ic 0 («)- + i Cl (fty- 


This formula has two contributions: A bond-stretching term, present because there is a 
natural bond length between any pair of a.oms. and a bond-bending term, indicating 
that the energy should increase if angles deviate from those in a perfect tetrahedron. 
The parameters Co and C t are fit to elastic constants. 

Our calculations start by specifying the atomic positions in the ordered 
structure. For each type of structure, there is an obvious symmetry-allowed distortion 
that best accommodates the bond-stretching and bond-bending forces. For example, 
for chalcopvrite, see Fig. 1, the positions of the ? atoms in the basis are given in terms 
of just three parameters, the dimensions a and 2* of the body-centered tetragonal (bet« 
unit cell, with c s a s ao, with ao the dimension of the parent zinc-blende cube, and an 
internal coordinate va::able p(p: {ao)A Similarly, the sti|>erlattice oriented along the 
(0,0.1) direction has as its parameters the dimensions of the distorted cube, a 3 c, and an 
internal coordinate h (h s 4 a<») that is the distance above the z » 0 plane of an anion C. 
•The superlattice oriented ale: g the (1.1,1) direction is rhombohedrai in symmetry and 
is characterized by 5 parameter?.- Then, for eatlt atom in tiic basis of the structure, we 
simply tabulate all contributions to Eq. (1). and then minimize the strain energy with 
respect to the f:cc parameters. By evaluating Eq. (1) at its minima, we have found 
both the positions of all atoms as well a\ the size of the strain energy. 








2.2 Band-structure Calculation? . . , . . 

In our calculations of bandstructure. wc employ a modified empirical tight- 
binding Hamiltonian that includes the 5 atomic orbitals s. p*. p y . p- and s*. Such a 
Hamiitonian is known to be accurate for the valence band? and the conduction band 
edge of zinc-blende semiconductors. The parameters of this Hamiltonian have been 
determined by fitting to experimental data for all III-V zinc-blende compounds by Vog! 
et al. s 

Calculations use as input the positions of the atoms in each type of unit cell and 
follow the standard Slater-!.'ester method, c.g., strain forces a modification of the 
direction cosines used in the tight-binding Hamiltonian of the zinc-blende structure.'* 
The required tight-binding parameters are found from the parent 111-V compounds, 
e.g.. we use Harrison's Law.* that the product of nearest-neighbor matrix elements V 
wfth the square of the bond length, Vd 2 . should be nearly constant. Finally, we have 
included the effects of valence-band offsets on the ordered-compound's bandstructure.' 
and have concluded that these corrections are small. 

3. RESULTS 

We have computed the strain energies and effects of strain on five types of 
ternary III-V ordered compounds. 8 Here we simply quote results for a prototypical 

In Fig, 3 wc show 
results for the Ga-As 
bond lengths (squares) 
and In-As bond lengths 
(diamonds) in the 
Ga|. x In x As family of 
compounds. For x = 0 or 
1. the bond length is that 
of the zinc-blende (Z) 
compounds GaAs or 
In As. For x = j. luzonite 
compounds (L) contain 
three Ga-As bonds for 
every In-As bond, while 
famatinite compounds 
(F) have two long and 
one short Ga-As bonds 
for each In-As bond. A 
similar result holds for x 
= 3/4. For x * f, the - 
(0,0.i)-oriented superlat¬ 
tice (3) and chalcopyrite compounds have equal numbers of Ga-As and In-As bonds, 
while the rhomobohedral (R; il.l,l)-oriented supcrlattice contains three long and one 
short Ga-As bond and three short and -me long In-As bond. 

The dashed line shown in Fig. 3 indicates Vcgard's Law expected for the average 
bond length measured in the ailoy by x-ray diffraction. Mikkeiscn and Boyce 9 have 
shown using EXAFS (extended x-ray absorption fine strucure) measurements that 
there are two distinct bond lengths in Gai. x Jn x As alloys, one for each type of bond. 
The solid lines in Fig. 3 that pass through the parent zinc-blende compounds are-in 
good agreement with the slopes of tiie Mikkclsen-Boyce data for the alloy. Tlio.-e lines 
pass through compounds with either simple cubic or simple tetragonal symmetry. 
(Parallel to those lines are iincs passing through tiie body-centered iOira^nal 
compounds, famatinite. and chalcopyrite.) We interpret this agreement foilows. 
The all.iv is to be thousht of as a mixture of all possible orientations of -ctrahedra 
A?Ga n !n^. n . Portions of the alloy may show incipient order of the types shown in Figs. 


semiconductor alloy. Ga t . x ln x As. ! 

G ai _ x lr. x As 


2.65 | 



0 0.2 0.4 C.6 O.S 1 

x 


FIGURE 3. Calculated bond lengths in the 
Gat. x inxAs family of compounds.' 
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1 and 2. The EXAFS data arc statistical averages of the configurations found in the 
alloy: a line near the middle of the distribution of possible bond lengths is found. More 
importantly, the fact that the average results for the strain calculations alone 
reproduce well the EXAFS data impics that charge-transfer effects are probabiy only a 
small correction for the III-V family of compounds. 10 

Shown in Fig. 4 are the calcula¬ 
ted strain energies of the ordered 
structures. For x = 1/4 and 3/4. we 
find that the famatinite structure 
has the lowest energy, while for x — 
i, the chalcopynte structure is 
lowest in energy, followed then by 
the (0,0,1) superlattice (S) and then 
by the rhoinbohedral-symmctry (R) 
superlattice oriented- along the 
(1.1,1) direction. These results are 
consistent with the calculated bond 
lengths shown in Fig. 3. For examp¬ 
le, for rhombohedral symmetry, 
there are two types of Ga-As fln-As 
bonds). One bond, found in a tetra¬ 
hedron GalnjAs, which is near the 
parent bond length, and the other 
one, found with a 3-fs'd degeneracy, 
in a tetrahedron GalnAsj, at a 

distance quite far from the parent bond length. It is easily seen from Eq. (1) that those 
structures with large bonddength deviations from the parent zinc-blende compounds 
will tend to have a huge strain -energy. As a general trend, we find that structures with 
a body-centered tetragonal'-Dravais lattice most easily accommodate strain. 

Turning finally to electronic properties, in Figs. 4 and 5 we show the low- 
temperature bandsirurtures of two GalnAs; ordered structures, the (0.0.1) superlattice 
and chaicopyri'.e structure. The band cap of the (0.0.1) superlattice is at 0.S? eV, 
compared with 0.S1 eV in the alloy for x * 0.47. 11 and 0.S3 eV in chalcopyrite. 
Notatable is the strain splitting of the top of the valence band. Because the locai strain 
field of the tetrahedro:. has opposite orient.';.ions in the two structures, witi the z 
di-cction singled out in the (0.0.1) superlau.ee. and an xy plane in chalcopyrite (see 
Fig. 1), the heavy hole is higher in the (0.0.1) superiattice thar in chalcopyrite. 
Obviously, these two structures will have distinguishable experimental spectra. 
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FIGURE 4. Calculated strain, 
energies of the Gai. x In x As 
family of compounds. 
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FIGURE 5. Band - ruc.tures of the (O.O.l)-orientcd superlattice and of the chalcopyrite 
forms of GalnAsj compounds. 










4. CONCLUSIONS 

We have investigated the relative stability for III-V compounds of the three 
possible ordered x = } structures: the (0.0.1)- and (l.l.lj^riented 1 «1 superlatticcs and 
chalcopyrite. Without using a second-neighbor interaction on an fee lattice. 2 3 * * 6 we find 
that the strain energy due to the bonding of anions to cations alone is enough to 
distinguish the three phases. Our calculations ^predict that the chalcopyrite structure 
should have a iower energy than either type of supcrlattice. Similarly, we find that for 
x = j. the famatinite structure lias lower strain energy than the iuzonite structure. 

Our strain calculations also aliow us to predict structural parameters such as 
bond lengths for tlte new ordered III-V compounds. This in turn allows us to 
investigate the influence of order and strain on the bandstructurc of these structures. 
We hope our calculations will aid experimentalists in the search for additional new 
ordered semiconductor compounds. 
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INTRODUCTION 

Tinpurity levels dt ermine the electrical properties of semiconductors 
and often strongly influence the optical properties as well. Until rather 
recently it was widely believed that "shallow impurities," namely those 
impurities that produce energy levels within “0.1 eV of a band edge, were 
well understood in terms of hydrogenic effective-mass theory [1). However 
"deep impurities" were regarded as more mysterious, having levels more, than 
0.1 eV deep in the gap; and several theoretical attempts were made to 
understand why their binding energies were so large. While specific deep 
levels were explained rather well by the early theories, most notably the 
pioneering work of Lannoo and Lenglart on the deep level in the gap 
associated with the vacancy in Si [2], numerous attempts to explain why the 
binding energy of a particular level might be large (making the level deep), 
rather than small, continued until recently, when it was realized that this 
basic picture of impurity levels was incomplete (3,4). 

DISTINCTION BETWEEN DEEP LEVELS AND DEEP IMPURITIES 

Now it is -ecognized that every impurity whose valence differs from that 
of the host atom it replaces produces both deep and shallow levels, but that 
the "deep" levels often are not deep energetically. The definitions of deep 
and shallow levels have been changed ( r 3): now a deep level is one chat 
originates from the central-cell potential of the defect, and a shallow level 
originates from the long-ranged Coulomb potential due to Che impurity-host 
valence difference. Impurities that are s-p bonded normally produce four deep 
levels in the vicinity of the fundamental band gap; one s-like and three 
p-like. More often than not, Che deep levels do not lie in Che band gap but 
are resonant with the host bands. Thus, in terms of the old picture, Chose 
resonant levels have negative "binding energies." The four deep levels are 
normally anti-bonding and host-like in character. As a result, several 
different deep impurities produce levels with essentially the same 
wavefunctions (5,6]. 

In contrast to the deep levels, whose wavefunctions are relatively 
localized and have multi-band character, shallow levels have wavefunctions 
that are extended in real space and of single-band character (localized near 
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‘ band extremum in Ic-space). The shallow levels are hydrogenlc, originate 
from the long-ranged Coulomb potential, are associated with the impurity-host 
valence difference, and have binding energies of reduced Rydbergs, i,e,, 
scaled from 13,6 eV by factors of effective mass and the inverse square of 
the dielectric constant (resulting In binding energies of typically tens of 
meV). Shallow levels can be obtained by solving an effective-mass Schrodinger 
equation for the envelope wavefunction d(r), which is (assuming isotropic 
effective mass m* and dielectric constant t ) 


[(-K 2 /2m*)V 2 - (e 2 /<r)]d - (E-E 0 )*, 


(1) 


where Eq is the band extremum to which the level is "attached," 

The attachment to a near-by band edge is the experimental signature of a 
shallow level, and can be verified by measuring the energy of the level and 
the band edge, either versus alloy composition x in an alloy such as 
Ai x Cai x As or CaAs^ x P x , or versus pressure. In contrast to shallow levels, 
deep levels are not attached to band edges, and their energies (with respect 
to the valence band maximum) tend to vary more-or-less linearly with alloy 
composition. 


DEPENDENCE ON ALLOY COMPOSITION 


Fig, 1 summarizes data [7] for the alloy-composition dependence of 
levels associated with anion-site impurities in CaAs^. x P x alloys. The levels 
associated with S, shallow doner levels, follow the conduction band edge as 
the composition varies, and are "attached" to it. Se levels exhibit the same 
behavior as S, The N and 0 levels vary approximately linearly with alloy 
composition and are unattached to any band edge. These data, when first 
obtained, were rather perplexing, because 0, S, and Se were expected to 
behave the same, since all came from Coluran-VI of the Periodic Table, and 3 ll 
were presumed to occupy a Column-V anion site. By the old definition, the 
oxygen state was clearly a deep level, lying more than 0.1 eV from the 
conduction band edge. The N level, however, had the same qualitative 
dependence on alloy composition as the 0 state (indicating it should be 
classified as deep), yet it was close enough to the band edge in CaP to be 
classified as shallow by the old definition of a shallow level. Moreover it 
was energetically deep in the gap for CaAsg 5 Pg 5 , but invisible (possibly in 
the conduction band) for CaAs. 

The N level data in GaAsi X P X provided an important clue for 
understanding the physics of deep impurities, because N is isoelectronic to 
As and P, and so the substitutional impurity has no long-ranged Coulomb 
potential: its level could only be explained in terms of the central-cell 
defect potential (and, possibly also the modest strain field around the 
impurity) [4], The natural explanation for the data of Fig. 1 is that the 
central-cell potential produces th«; oxygen deep level and that the N level is 
similar to the oxygen level, and should also be termed "deep.” The shallow S 
(and Se) levels are caused by the Coulomb potential associated with the 
valence difference between the Column-VI impurities and the Column-V host. S 
and Se must also have deep levels similar to the oxygen deep level, but their 
deep levels must be resonant with the conduction band of CaAsj >x P x for all 
alloy compositions x, and hence are invisible (as with the case for N when 
x<0.2). Thus the picture has emerged that the central-cell potential produces 
deep levels, and the Coulomb potential yields shallow levels (which ideally 
are infinite in number, because a Coulomb potential has an infinite number of 
bound states). For s- and p- bonded substitutional impurities, we expect one 
s-like and threo p-like deep levels associated with every band, based on 
Rayleigh's Interlacing theorems ( 8 ); this means that in the vicinity of the 
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Fig. 1. Schematic illustration of the dependences of the shallow S (or 
Se) level (dashed) and the deep N and 0 levels (solid) on alloy composition x 
in GaAs^. x P x , after Ref. [7J. The energies of the band edges and are 
also shown. The zero of energy is the valence band maximum of the alloy. 




band gap of a zinc-blende semiconductor we should find one s-like 
(A^-symraetric) deep level and one triply degenerate p-like ^-symmetric) 
level for each impurity, The oxygen and nitrogen levels of Fig. 1 are the 
A^-symmetric deep levels. In a three-dimensional material, there is no 
guarantee that any of the deep levels due to the central-cell potential will 
lie in the fundamental band gap, and so, as in the case of S and Se in 
CaAs^. x P x , the deep levels may all lie outside of the band gap or else, as in 
the case of oxygen, one (or more) may lie within the gap. (Fig. 2) 

The character of an impurity as "shallow" or "deep" is determined by 
whether one or more deep levels lies within the fundamental 'and gap. For 
example, oxygen in CaP is a deep Impurity because its s-like deep level 
lies in Che band gap, and is occupied by one electron when the oxygen is 
neutral and in its ground state. This one-electron level can hold two 
electrons of opposite spin, but when oxygen is neutral, it holds only one, 
(the extra electron due to the valence difference between 0 and P). In the 
case of S or Se, the central-cell potential is weaker chan that of 0, and the 
corresponding deep level is degenerate with the conduction band rather than 
in the gap. The resonant level cannot bind the extra electron, which spills 
out and decays to the conduction band edge (via the electron-phonon 
interaction); once at the conduction band minimum, the electron is trapped by 
the long-ranged Coulomb potential in a shallow impurity level -- and, because 
the ground state of the S or Se impurity in this host has an electron in the 
shallow level, the S or Se impurity is termed a shallow impurity. 

DEEP-SHALLOW TRANSITIONS 

It is possible to change the character of an impurity from deep to 
shallow by perturbing the host until a deep level passes from the band gap 
into the host bands. Straightforward ways to achieve such a change are to 
apply pressure or to vary the alloy composition of the host. N changes its 
character in GaAsi X P X as a function of alloy composition x: it yields a deep 
level in the gap for x>0.2 and so is a deep impurity for such alloy 
compositions, but for x<0.2, neutral N is neither a shallow impurity (because 
it has no long-ranged Coulomb potential) nor a deep impurity (because its 
deep levels are in the conduction band), and so we term it an "inert 
impurity." Thus, in GaAs^. x P„ for x«0.22, N undergoes a "deep-inert 
transition." See Fig. 1. A classic example of a similar "deep-shallow 
transition" is Si on a cation site in Af x Ga^. x As, which has a deep-level 
behavior similar to that of N in GaAs^. x P x . (See Fig. 3.) As a result, 
neutral Si is a deep impurity, with one electron occupying its A^-symmetric 
deep level for X20.3, but is a shallow impurity for x<0.2 because the deep 
level is resonant with the conduction band and the electron is autoionized, 
falls to the conduction band edge, and is crapped by the Coulomb potential of 
the defect. This Si defect is thought to be the DX center (9-11), or at least 
a component of it (11,12). It is noteworthy that when cation-site Si is a 
shallow impurity (i.e., its deep levels are resonant with the conduction 
band), it dopes the material n-type. But when it is a deep impurity (wirh its 
A^ level in the gap) the neutral impurity can trap either an electron or a 
hole ir. this level, and so tends to make the material semi-insulating. 

DEEP-SHALLOW TRANSITIONS IN SUPERLATTICES 

Deep-shallow transitions occur in random alloys such as Ai x Ga^_ x As 
because the deep levels are much less sensitive to changes of alloy 
composition x than the band edges. Only slightly overstating the point, we 
may say that the deep levels are almost constant in absolute energy, and that 
varying x can cause the conduction or valence band edge to move through the 
deep level. Since deep levels are normally only observed when they lie within 
the fun', .mental band gap, varying alloy composition changes the "indow of 
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Fig. 2. Illustration of the difference between a shallow impurity such 
•>s S on a P site in GaP and a deep Impurity such as 0. Shallow levels are 
dashed and deep levels are solid. If the deep levels lie outside of the band 
gap, the extra electron occupies the lowest shallow level at zero temperature 
and the impurity is a shallow donor. 



GaAs Composition x AlAs 

Fig. 3. Chemical trends with alloy composition x in the energies (in eV) 
of principal band gaps at r, L, and X, with respect to the valence band 
maximum of the alloy, in the alloy Ai x Ga^ As, as deduced from the Vogl model 
[15]. Also shown is the predicted energy of the A^-symmetric cation-site deep 
level of Si (heavy line), similar to the predictions of Hjalmarson [11]. The 
Vogl model is known to obtain very little band bending. Moreover the L 
minimum for x«0.A5 is known to be at a bit too low an energy in this model. 
When the deep level of neutral Si lies below the conduction band minimum, it 
is occupied by one electron (solid circle) and one hole (open triangle). When 
this level is resonant with the conduction band, the electron spills out and 
falls (wavy line) to the conduction band minimum, where it is trapped (at 
zero temperature) in a shallow donor level (not shown). 
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observability of deep levels, namely the bond gap. Thua aalaccing tha alloy 
composition ao that a given impurity produces a ahallow level rather than a 
deep one ia a form of "band-gap engineering." 

Similar band-gap engineering can be achieved by altering the atomic 
ordering in the semiconductor by, for example, making the host a superlattice 
rather than a random alloy. For example, Si on a Ga sice in the center of a 
CaAs quantum well in a N^xN 2 CaAs/Ai x Gai x As superlattice can be made to 
undergo a shallow-deep transition by reducing the thickness of the quantum 
well until the conduction band maximum of the superlattice passes above the 
Si deep level (See Fig. 4.). The dependence on alloy composition of a Ga-site 
deep level in a 2x2 GaAs/Ai x Ga^. x As superlattice is given in Fig. 5, and 
shows that even near the center of a GaAs layer Si can become a deep trap if 
the layer is sufficiently thin or two-dimensional. 

Fig. 6 shows the predictions for the cation-site deep level in bulk 
GaAs, in a 3x10 GaAs/Aig 7 Cag ^As superlattice, and in bulk A/g ^Gag ^As for 
Si at various sites 0 in'the superlattice. In this superlattice'the deep 
level lies in the gap and Si is therefore -a deep impurity. In N^xNo 
superlattices such that the GaAs layers are not very thin, N^>6, the 
superlattice conduction band edge approaches the bulk GaAs conduction band 
edge, and therefore the conduction band of the superlattice covers up the Si 
deep level, making Si on a Ga site a shallow donor in the superlattice. 

t 2 LEVELS 

The examples we have given thus far all consider only A^-syrametric bulk 
deep levels. The T 2 bulk levels are split in a (001) superlattice into a^, 
bj_, and b 2 levels, as illustrated in Fig. 7 for the As vacancy. The valence 
band maximum is also split into a (p„±p y )-like (or b^- or b 2 -like) maximum 
and a p 2 -like (or a^-like) edge slightly below it. For sites near the 0-0 
interface, the b^ deep levels have orbitals and energies similar to the T 2 
levels of bulk GaAs and the b 2 levels are Ai x Ga^. x As-like. The splittings are 
small even for impurities at the interface, of order 0.1 eV, and decrease 
rapidly as the impurity moves from the interface. They are non-zero even near 
the center of the layers, however, because the valence band maximum is split, 
and so the spectral densities employed in solving Eq. (2) below are also 
split. 

Three factors influence the positions of deep ’evels in the superlattice 
layers: (i) the band offset, which tends to move the levels down in 
Ai x Ga^. x As relative to in GaAs, (ii) quantum confinement, which tends to 
cause levels in GaAs and the p_-like a^ levels in particular to be farther 
from the center of the gap, and (iii) the relative electropositivity of Ai 
with respect to Ga, which tends to move energy levels up when the associated 
wave functions overlap an A2-rich layer. To determine the balance among these 
competing effects, a calculation is required. 

FORMALISM 

Our basic approach to the problem of deep levels in superlattices is 
based on the theory of Hjalmarson et al. [3], This theory is relatively easy 
to implement and learn, and has been summarized in accessible lecture notes 
[13] for deep levels in the bulk. Nelson et al. [14] have provided an 
alternative approach to deep levels in superlattices which is especially 
well-suited to small-period superlattices. 

The deep level energies E in a superlattice can be computed similarly by 
solving the one-electron Schrodinger equation, using the Green's function 
method to take advantage of the localized nature of the central-cell defect 
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Fig. 4. Schematic illustration of the quantum-we11 confinement effect on 
the band gap E (SL) of a N^x^ CaAs/Aig 7 Cag ^As superlattice, after Ref. 
[12]: (a) N^-M 2 "I 8 . and (b) N^-2, No-34. The band edges of the superlattice 
are denoted by chained lines. For this alloy composition the superlattlce gap 
Is Indirect for case (b), with the conduction band edge at 
k-(2m/a^)(1/2,1/2,0). Note the broken energy scale. The zero of energy is the 
valence band maximum of GaAs. 



GaAs Composition x (GaAs> 2 (AIAs) s 

Fig. 5. Predicted chemical trends with alloy composition x in the 
energies (in eV) of principal band gaps and the Si A^-symmetric deep level in 
a (CnAs) 2 (Ai x Ga^. x As )2 superlattice. Compare with Fig. 3 for the alloy. The 
superlattice wavevectors of the gaps are E-5, Ic—( 2 »r/a^> ( 1 / 2 , 1 / 2 , 0 ), which has 
states derived from the L point of the bulk Brillouin zone, and the points 
derived from the bulk X-point: (2m/a,)(0,0,[Nj+No]* l ), (where Ni-N^-2), and 
< 2 */a L )( 1 , 0 , 0 ). 
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Fig. 6 . Predicted A^-derived deep le*els of Si in GaAs, in a 3x10 
GaAs/A Iq -jCaq 3 As superlattice (as a function of 0, the position of the Si in 
the superiattice), and in bulk A2g 7 Gag jAs. Interfaces (which are As sites) 
correspond to 0 - 0, 6 , and 26. Note that in bulk CaAs Si is a shallow donor, 
but that in this superiattice and in bulk Aig yGag -jAs it is predicted to be 
a deep impurity. 
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Fig. 7. Predicted energy levels of an As-vacancy in bulk GaAs, in a 
(GaAs)^g(Ai!g 7 Cag^AsJ^g superiattice (as a function of 0, the position of 
the vacancy: even values of 0 correspond to As-sites), and in bulk 
Aig ;Gag iAs, after Ref. [12]. Note the splitting of the T 2 levels at and 
near the interfaces which correspond to 0 - 0, 20, and AO. The electron 
(hole) occupancies of the deep levels in bulk GaAs and bulk Aig ^Gag 3 AS are 
denoted by solid circles (open triangles). 
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potential operator V: 


dat (l-C(E)V) - 0 - dec (1 • P/(<S(E'-H) V/(E-E')] dE'). 


( 2 ) 


Here we have C(E) - (E-H)’^, where K is the host Hamiltonian operator, P 
donoces Che principal value integral over all energies, and $(x) is Dirac's 
delta function. For simplicity of presentation, we consider a periodic NjX^ 
GaAs/Ai x Ga^. x As superlatcice grown in the (001) direction. This superlaccice 
has Nj. two-atom thick layers of CaAs and N* two-atom Chick layers of 
Ai x Ga^. x As stacked alternately in a periodic structure. We assume that che 
layers are perfectly lattice-matched. We describe che superlaccice 
Hamiltonian in terms of an s*sp 3 basis similar to that of Vogl et al. [151. 
Our Hamiltonian is a nearest-neighbor tight-binding model, and, in che limit 
of x - 0, is Identical to the Vogl model for GaAs. We treat the superlattice 
using a superhelix or supercell method: (for the case x - 1 ) a superhelix or 
supercell is a Helical string with axis aligned along the (001)- or 
z-direction consisting of 2N^ + 2Hj adjacently bonded atoms As, Ca, As, Ga, 
As, ... Ga, As, Ai, As, Ai, As, Af, ... As, Ai. (For x * 1, replace A l by the 
virtual cation Ai x Ga^. x .) The center of this helix is at L and each of che 

atoms of the helix is at position L + v^ (for 0-0, 1, 2. 2 N^+ 2 N 2 * 1 ). The 

superlaccice is a stack of superslabs. A superslab of GaAs/A2 Ga^. x As 

consists of all such helices with che same value of L z and all possible 
different values of and ly. The origin of coordinates is taken to be at an 
As atom and a neighboring cation is at (1/4,1/4, l/Ma^, where a L is the 
lattice constant. At each site there are five s*sp 3 basis orbitals |n,L,v^), 
where n - s*, s, p„, p„, or p 2 and the site is specified by y 

0 - 0,1,2,..., 2 Nj+ 2 N 2 * 1 . From^these basis orbitals we form the sp 3 hybrid 
orbitals at each site R - (L.v^). The hybrid orbitals are 

|h 1 ,R) - [|s,R) + AlPx.R) + A|p y> R) + A|p z ,R)]/2 

|h 2 .R) - [ | s ,R) + A | p x , R) - .\|p y ,R) - A |p z ,R) ]/2 

|h 3 ,R) - [|S,R) - A j p x ,R) + A|p y ,R) - A|p 2 ,R)]/2 

and 


|h 4 ,R) - [|s,R) 


A|P X ,R) 


AI Py ,R) + A|P z ,R)1/2 


(3) 


where we have A - +1 (-1) for atoms at anion (cation) sites. Introducing the 
label v - s*. hi, h 2 < h 3 , or h 4 , our hybrid basis orbitals are |y,R), and the 
related tight-binding orbitals [16] are 


\u,0, It) - N s ’ 1/2 exp (ik-L+ik’v^) |t/,L,v^) 


(4) 


where E is (in a reduced zone scheme) any wavevector of the mini-zone or (in 
an extended zr.ne scheme) any wavevector of the zinc-blende Brillouin zone. 
Here N s is the number of supercells. 

The mini-zone wavevector E is a good quantum number. Evaluation of the 
matrix elements (v,/9,It|H|i/' ,0' ,E) leads to a tight-binding Hamiltonian of the 
block tridiagonal form. For example, the diagonal (in 0) 5x5 matrix, H(0,0) 
at site 0 , is 
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vhara we have Che hybrid energy 

«h " <«i + 3 «p )/ 4 


( 5 ) 


( 6 ) 


and the hybrid-hybrid Interaction 
T - (< s -<p)/ 4 • 


(7) 


The energies < s *, and T In H(0,0) rater to the atom at the £-th site, and 
are obtained from the energies w tabulated by Vogl et al. [IS]. To account 
for the observed [17] valence band edge discontinuity of 32% of the direct 
band gap [18], a constant is added to < s * and for Ai x Ga^ As; this 
constant is adjusted to give the valence band maximum of Ai x Gai x As below the 
valence band maximum of GaAs by 32% of the direct band gap difference in the 
limit N^-N 2 -* «. 


Expressions for the remaining, off-diagonal matrix elements 
(i/,/9,k|H|u' ,0' ,k) or H(0,0’ ) are given in Ref. [12], The Hamiltonian matrix 
has dimension 5 ( 2 N^+ 2 N 2 ) for each \ c. We diagonalize this Hamiltonian 
numerically for each (special-point) k, finding its eigenvalues E g and the 
projections of the eigenvectors |7,5c> on the |i/,0,ic) hybrid basis: 
(i/, 0 ,it| 7 ,k>. Here 7 is the band index (and ranges from 1 to 200 for N-^^-lO) 
and k lies within the mini-Brillouin zone in a reduced zone scheme. With 
these quantitites, we can evaluate Eq. (2) for the HJalmarson model of the 
defect potential matrix V [3]: the matrix is zero except at the defect site 
and diagonal on that site, (0, V g , V V p , V p ), in the Vogl s*sp 3 local basis 
centered on each atom. The point-group for a general substitutional defect in 
a GaAt/Ai x Ga^, x As ( 001 ) superlattice is . C 2V provided the Ai x Ga^, x As is 
treated in a virtual crystal approximation. In the GaAs/Ai x Ga^, x As 
superlattice the A^ and T 2 deep levels of the bulk GaAs or Ai x Ga^. x As produce 
two a, levels (one s-like, derived from the A^ level and one T 2 *derived 
p z -like), one bi level [(p x +p )-like], and one b 2 level [(p x -p y )-like]. Of 
course, for impurities far from a GaAs/Ai x Ga^_ x As interface, the 7 s-like a^ 
level will have an energy very close to the energy of a bulk A^ level, and 
p -like a^ level and the b^ and b 2 levels will lie close to the bulk T 2 level 
also. 


The secular equation 
three equations: 

G(b i: E) - V p ’ 1 for 
G(b 2 ;E) - Vp ' 1 for 

and 


Eq. (2), is reduced by 
b^ levels, 
b 2 levels, 


symmetry to the following 

( 8 ) 

(9) 


det 


G(s,s;E) V g - 1 
C(z,s;E) V s 


C(s,z;E) V p 
G(z,z;E) V p - 1 


0 , 


( 10 ) 
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for a^ levels, where wa hava 

C(b l ;E )-£ 7 g | <h 1 ,^,K|-ir,C>-(h 4 ,^ 1 Ic|-r.C>| 2 /2<E-g), 

G(b 2 ;E)-£ 7 l j | (h 2 ,^,Ic|7,lc>-(h 3 ,4 l Ic|7,E>| 2 /2(E*E 7i j*), 


(ID 


( 12 ) 


C(a,a;E> - 

S 7,8 I ( h l'4.J<|7 1 l«>+(h 2 ,^,lc|7 1 C>+(h3,4 I Ic|7.C>+(h 4 ,^,C|7 1 !c>| 2 /4(E*E 7( ^), 

(13) 


C(z,z;E) - 

S 7,lc K^l^- I «lT ( C>-(h2^,C|7 1 E>.(h 3 ,^,!J|7 1 Ib-f(h 4> ^ ) C|7,C>| 2 /4(E-E 7i j»), 

(14) 


and 


G(s,z;E)-2 7 ^ ((hj. 7 , ic>+(h 2 ,$ ,it| 7 .ibn-Ch^ ,5c| 7 ,lc>+(h 41 ( 3,ic| 7 ,Ib>] 

x [(h 1 ,^,C|7,lb-(h 2 ,^ 1 C|7,E>-(h3,^ 1 C|7,leH-(h 4l ^,C|7.iJ>]*/[4(E-E 7>C )] 

(15) 

Here G(z,s;E) Is the Hermltian conjugate of G(s,z;E) and 0 Ls the site of the 
defect in the superlattice. 

For each site 0 the relevant host Green’s functions, Eqs. (11) to (15), 
are evaluated using the special points method [19], and the secular equations 
( 8 ) to (10) are solved, yielding E(b 3 ;V ), E(b 2 ;V ), and two values of 
E(.i;V,.V ). The defect potential matrix elements V and V are obtained 
using a slight modification of Hjalmarson's approach [20], For N^-f^-lO, 
there are 40 possible sites fi, each with four relevant deep levels: two 13 , 
one b^, and one b 2 ; thus there are 160 levels. 

SUMMARY 

With the basic approach outlined here, one can compute the deep levels 
associated with substitutional impurities in lattice-matched superlattices 
and predict the conditions under which deep-shallow and deep-inert 
transitions are to be expected. 
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A theory of the electronic structures of periodic A', X A’ ; GaAs/Al, Ga, _ x As supcrlattices 
grown along the [ 111 ] direction is presented. Deep levels associated with s- and />-bonded 
substitutional impurities in these superlatticcs are also predicted. It is found that: (i) in 
contrast with (001 ] superlattices, [111] supcrlattices are almost always direct band-gap 
supcrlattices. (ii) The (111] superlattices exhibit weaker quantum-well confinement tha: the 
corresponding (001] superlatticcs. (iii) As the thickness, /(GaAs), of each GaAs layer is 
reduced below a critical value (t e s 13 A or A', =4 for x = 0.7), common shallow donor 
impurities such as Si cease donating electrons to the conduction band and instead become deep 
traps. For (111] superlattices t e is smaller than the corresponding /, for (001! superlattices. 

The fundamental band gap and the band edges of the superlatticc, and hence the ionization 
energies of deep levels, depend strongly on the layer thickness /(GaAs) but only weak!;, on 
/(Al^Ga, _ , As). The T ,- and A ,-derived deep levels (of the bulk point group T d ) are ?;•■•« 
and shifted, respectively, near a GaAs/Al jGa, _, As interface: thep-like T z level splits into an 
a, (/7,,-like) level and a doubly degenerate c (p^-Iike) level of the point g-oup for arr. general 
superlattice site (C v ), whereas thes-like/l, bulk level becomes an a, (s-like) level of C, r . The 
order of magnitude of the shifts and splittings of deep levels at a GaAs/Al ( Ga,_ x As inter*, ce 
is less than 0.1 eV, depends on x, and becomes very small for impurities more than =*3 atomic 
planes away from an interface. These predictions are based on a periodic superslab calculation 
for linit superslabs with total thickness /(GaAs) + /'.Al,Ga t _ x As) as large as 65.3 A or 
A', + A; = 20 two-atom-thick layers. Tiie Hamiltonian is a tight-binding model in a hybrid 
basis that is a generalization of the Vogl model and properly accounts for the nature of 
interfacial bonds. The deep levels are computed using the Hialmarson et al. theory [Phys. Rev. 

Lett. 44, 810 (1980) ] and :ne special points method. 


I. INTRODUCTION 

The theoretical and experimental study of semiconduc¬ 
tor superlattices has become a very important area of basic 
semiconductor physics, device physics, and materials 
science. GaAs/Al,Ga, _,As superlatticcs, 1 " which are 
commonly grown in the [001] direction, are the ones that 
have been most thoroughly studied and understood. Impuri¬ 
ties play a very important role in determining the physical 
properties of semiconducors/ Recently we published a 
theoretical study of the electronic structures and substitu¬ 
tional deep impurities in such supcrlattices, J ’ 5 which, we be¬ 
lieve. is i he first systematic theoretical study of deep levels in 
superlattices. In the last few years, people have begun to 
investigate superlattices grown in the [111] direction, both 
experimentally"*and theoretically. 1K,v Here wcpresent a the¬ 
ory of the electronic structures of GaAs/Al., Ga, _ , As su¬ 
perlattices grown in the (111] direction, 1 " and we predict 
the energy levels of substitutional deep impurities in these 
superlattices. Wc compare our results for [111] superlat¬ 
tices with those for corresponding (001 ] supcrlattices.^ 

II. FORMALISM 

A. Host Hamiltonian 

We treat a periodic GaAs/Al,Ga, .. ,As superlattice 
whose layers arc perpendicular to the bulk (111] direction, 

" lYrmum'in uddre*IJopariiiK-m of I’lijvcs. I'liiversil) o! Science and 
Technology of Cliin.i. Ilel'ei. China. 


which we define as the direction “3.” The bulk direction- 
[2. - 1, - 1] and [0.1, - 1] are defined as the directions 
•T and “2." We employ a nearest-neighbor tight-binding 
Hamiltonian with an s'sp* basis of five orbitals a: each site. 
Our Hamiltonian, in the limit of x = 0. is id mtical to the 
Vogl model for GaAs." Some differences arc introduced be¬ 
cause of the superlattice. which wc treat ttsng a superhelix 
or supercell method. The superlattice we consider has .V, 
two-atom-thick layers of GaAs and A* : two-atom-thick i;.y- 
ers of Al,Ga,_,As repeated periodically; the GaAs and 
Al,Ga, _„As are assumed to b- periecly lattice 
matched. We denote this superlattice either as a 
(GaAs).% (Al,Ga, _ , As).v, supcrlattit. or as a 
GaAs/Al Ga, _ A As superlattice with A', GaAs layers and 
A; Al,Ga. _ j,As layers, or as an A', X.VjGaAs/ 
Al, Ga, _ , As superlattice. 

W • first define (for the case x = 15 a super helix or su- 
perceli as a helical string with axis aligned along the [ 1 1 | 
directi'.i’* '“insisting of 2.Y, -f- 2AA adjacently bonded atom- 

As. Ga. As. Ga. As.Ga. As. Al. As. Al. As. Al...., As, Al. 

(For .v== 1. replace A) by Al.Ga, _ ,.) The center of this 
helix is at L and each of the atoms of the helix is at position 

L -r v„ ( for /? = 0. 1. 2.2Aj - 2 A - . !,. A supers,', ,7> of 

GaAs/Al,Ga,.. ,As consists of al! such heiices with the 
same value of L, and all possible difTetcnt values of L, and 
L z . and the superlattice is a stacked array. >f these Mipcrslabs. 
If the origin of coordinates is taken in Heat an As atom, ti.e.v 
and.t axes are oriented such that a neighboring cation is at 
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where a L is the lattice constant. i: At each site 
there are s*sp' basis orbitals n.L,v fi ), where n = s*,s,p x ,p r , 

or p. and ft = 0. 1, 2.2.V, — 2.V ; - 1. From these basis 

orbitals we form the sp' hybrid orbitals at each site R 
= (L,v„). 

The hybrid orbitals are 


where /. = -r 1( 1) for atoms at anion (cation) sites. 

Next we introduce the label v = s*.h,, h 2 , h M or h A , and our 
hybrid basis orbitals are ,t\R). In terms of these orbitals we 
form the tight-binding orbitals 

jv./?.k) = N,~ l/: 2,. exp(/A*L + /k*v / ,)|v,L,v // ), (2) 


j/i„R) = [ix,R) + A !/>,,R) + A Ia-R) +'• l/>.-«R)]A 
|//,,R) = (jj.R) f/-1/b.R) — A |/>,..R,> —z 3 . |p.,R)]/2, 

|/i„R) = (;&R) - /i i P, .R) -r a | a-.R)*- a I P: ,R) ]/2, 

and 

|/i 4 ,R) = (|r,R) — A | /p,,R) — A |/^.jR) -M |/>_.,R)]/2, 

( 1 ) 


where k is any wave vector in the Brillouin zone in the super¬ 
lattices. Here /V, is the number of supercells. 

The wave vector is a good quantum number, and so the 
tight-binding Hamiltonian is diagonal in k. Evaluation of the 
matrix elements (v,/?,k|//|v',/?'.k) leads to a tight-binding 
Hamiltonian of the block tridiagonal form. For different ft 
and ft', the first three rows of block matrices are 


Him H{ 0,1) 0 . 

H{0,\V //(1,1) H (1,2) 0 0 

0 Hi 1,2)* Hi 2.2) Hi 2,3) 0 

The last row of blocks is 


_I 

0 HiO,2N, -f 2A' : — 1) 

....0 0 

...0 0 . 

\ 


(3) 


//(0,2A 7 | + IN, - 1 y' 0 0...0 Hi 2N, + 2i\\ - 2,IN, + 2A J , - 1) * Hi IN, +.2A ; : - 1 ,2N, - 2N Z - 1). 


(4) 


Here//( ft,ft') depends on k and is given in terms of various 
5X5 matrices for different v and v'. 

The diagonal (in/?) 5x5 matrix, Hiftft) at site/?, is 

Hi ft,ft) = (v,/?,k|/f|v’,/?,k) 


/ e t . 0 0 0 0 \ 

0 e h T T T 

= 0 T e h T T 

0 T T e h T 

\o T T T ej 

where 

e h — + 3f p )/4 

is the hybrid energy, and 
T=ie l -e p )/ 4 


(5) 


( 6 ) 

(7) 


is the hybrid-hybrid interaction; the energies , e h , and Tin 
H{ ft,ft) refer to the atom at the /? th site, and may be ob¬ 
tained from the energies w tabulated by Vogl, Hjalmarson, 
and Dow. 11 To account for the observed 13 valence-band edge 
discontinuity of 32% of the direct band gap, a constant is 
added toe,, ande,, for.Al^Ga, _ , As; this constant is adjust¬ 
ed to gi\e the valence-band maximum of Al.Ga, _ x As bfc- 
low the valence-band maximum of GaAs by 32% of tile 
band-gap difference in the limit A', = A\- «. ' 

The off-diagonal matrix elements ( y, ftM // * v’, ft ’,k) dip 
Hi ft, ft') are best expressed in terms of matrix elements of 
H between j*. s. and p orbitals. This is accomplished by the 
transformation 


i:\ft.k\H\y, ft\\i) 

= 2^‘\y f „.ft)Civ’,n'ift‘)ii,,ftX Un’,ft\ k). (S) 
where we have the s*sp* tight-binding functions, 

;«,i?.k) = A'' ,/: E, exp(/k*I. 4 - ik‘v 0 ) //,L,\y,), (9) 


{- 






Civ,it: ft) 

fs* s 

P X 

Py 



s* 

1 1 0 

0 

0 

o \ 


lh 

0 1/2 

+ A/2 

+ A/2 

+ /. / 2 


h 2 

0 1/2 

+ /-/ 2 

-A/2 

-A/2 


! h 

0 1/2 

-A/2 

-f /. /2 

-A/2 


lu 

^0 1/2 

-A/2 

-A/2 

-r /- /‘-J 

(10) 

where /. = 

•f 1 ( - 1) if ft refers to an anion 

(cation). 


There are several distinct cases for which the off-diag- 
onal (in/?) matrix elements in, /i.kj H \n\ /?',k; are nonzero 
(for/? #/?'). 


1. Intramaterial matrix elements 

If ft and ft' both refer to nearest-neighbor sites in the 
same ma'erial (either the GaAs or the Al A Ga,_ ,As) we 
have (assuming ft and ft' are in material number 1, the 
GaAs), for example. 

(«./?.k!/f |/t\/>'\k) = (11) 

if/? refers to a cation and ft' refers to an anion. is a 5 x 5 

matrix whose rows and columns are labeled by n, which 
ranges over the values 5*. s, p, . p,, and /?.. Similarly we have 
matrix elements H uU ,, and Ji, 2u2 - "hese matrix ele¬ 
ments are 


/ ° 

0 

-C„K. 

- C„K„ 

- c u v,\ 

I 0 

Q,v, 

- C„K 

- c 0 r 4 

-C„K 1 

C..K, 


c„ Is 

c„f, 

C„F, 

1 CJ\ 


c„l\ 

C„I'j 

CJ\ J 

\CyV-, 

c„i\ 

c„r 

c„i-\ 

C„f; / 


( 12 ) 


and the 5x5 matrices Civ,n; ft) ..re 


Here we have C„ = g,f, where we nave 
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y, = V(x,y), V, = Visa.pc), 
V s = V(sc,pa), V n = Vis*a,pc), 


4g u = exp(/k*x„), 

and x„ — (a t /4)( 1,1,1), with-a t being the lattice constant 
of GaAs or AlAs. Here k is the wave vector. In addition, we 
have 


V, = Vis.s), V 2 = V(x,x), 


0 
0 

H*,<X = I - V-(g I -&-&,) 

- K.( -Tgi-S.\) 

V,( r-g, ~gi~g>) 

\ 

We also have 


and 

V 2 = Vis* c,pa), 

in the notation of Vo-’! at. J co-workers," and 


0 

V,ig, +5.'-i g\) 

~ V f ig, - g : -gy) 

- V } ( -g, +g : -g } ) 

- V>i -g, -Si-i-gy) 


VAg, -Si-g>) 
VAS, -S:-Si) 
Vzig, +g: + g.\) 
V } i-g>-Si+gs) 
V)(-g,+g; ~S>) 


K.( - g , +g;-g>) 

vj-g, +g:-g,i) 

VA-g.-Sr f •■•) 

^(s’t +5: + &) 
VUg, -g: -g.t) 


VA -Si-Si + gi)} 
VA -g<-S:+gA 
V\( -g, r g : - g .) 
b\(£, -5:-5>) 
^:(5i J *S: + £>) 


(13) 


4g, = exp (/lex,), 4 g 2 = exp(/Tc*x ; ), 
and 

4gj = e.\p(;l<*Xj). 

Here we have x, = (<i t /4)( 1, — l, — 1), x ; = (a t /*()( — 1,1, — 1), and x 3 = (a t / 4)( — 1, — 1.1). 

All of the matrix elements Fare those tabulated by Vogl and co-workers," for material number 1 (viz., GaAs). Identical 
expressions exist for H a2{2 and //,., a2 , with Al^Ga, _ , As matrix elements. [The Al,Ga, _ t As matrix elements are obtained 
by a virtual-crystal average of theWoglmatnx elements for-AjAs and GaAs:x times the corresponding AlAs matrix elements 
plus (1 — x) times the GaAs matrix elements. ] 


2. Intermaterial matrix elements 

At-the interface between GaAs and Al t Ga, _ x As-ihcfe will be nonzero matrix elements of H for each bond between 
nearest nei'ghbors:.The$e are H o2el -and H e2oi : 


Huiel 


0 
0 

- V-ig, -Si-Si) 



0 

VAs, 

-Si-Si) 

VA-Sx +S:-Si) 

va- 

Sx - 

Si-rSi) 

F,(5. 

+ g : 4-^i) 

VAsx 

-Si-Si) 

VJ -Sx+Si-SA 

V 'A - 

S X- 

Si+gi) 

- VAsx 

-Si-Si) 

VAs, 

+ Si + Si) 

VA -s,-Si+Si) 

VA — 

s, + 

Si -Si) 

-VA- 

Sx+Si-Si) 

VA- 

Sx-Si+Si) 

^:(5i +Si+Si) 

VAs, 

-Si- 

-St) 

-VA- 

Sx — S: +S)) 

VA- 

Sx+gi-gi) 

VAs, -Si-Si) 

VAs, 

+ Si 

TS.y) j 


and 


K'ux =1 


0 0 V„iC,-C 2 -CO 

0 ^(C. + C + C,) K,(C,-c : -C,) 

- V,(C,-C,-C,) - ViC r r-C,-C 3 ) K(C,+C, + C } ) 

[- v,i - C, -f C : - C,) - F,( - c, -f c : - C,) VA - C, - C : + C 3 ) 
V,i - C, - C, .• C,) - Vii - C, - Cj + C.) K,( - C, -f C, - C,) 


VA - C, + C, - C,) 
Vl ( — C| + — C,) 

VA .. c, -C 2 + C,) 
V,(C, + C, + C\) 

v]ic,-c : -di) 


VA - c, - c, + c,)> 
t'A - c, - c, + C,) 
f",( - C, 4. c, - CO 
) A C| ~ C; — Cl) 
V 2 iC, tC ; t CO 


(15) 


Here the Vogl matrix elements are those for the bond in 
question: If the cation is AI,Ga, _ , and the anion is As. then 
the matrix element is the Al t Ga, _ K As matrix element ob¬ 
tained by a virtual-crystal average of the AlAs and GaAs 
values. 

After the tight-binding Hamiltonian is given, calcula¬ 
tion of the electronic structure is straightforward. In this 
work we study electronic structure and deep impurty levels 
in superlattices as large as A', + N 2 = 20; that is, in 40- 
atoms-thick superslabs. The dimension of the Hamiltonian 
matrix at each value of k is 5(2.V, -f 2.V : ), because there are 
five orbitals per site. We diagonalize this Hamiltonian nu¬ 
merically for each (special-point) k in the Brillouin zone 
(Fig. 1), finding its eigenvalues E yX and, if necessary, the 
projections of the eigenvectors Jy.k) on the |v,/?.k; hybrid 
basis: (v,/?.klj'.k>. Here y is the band index (and ranges 
from 1 to 200 for A', = A\ = 10) and k is the wave vector: it 
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FIG. I. The Brillouin zone of (111) superlaltices. T is at (0.0.0). .1 is at 
(I.l.l )/(2,V, x 2.V.), M is ai (1, - 2.11/3 or equivalent points. A' is at 
(0.2. - 2)/3 or equivalent points, ali ;re in units of (2.r/o,). I’ asc note 
for a GaAs/GaAs or AI,Ga, ., As/Al.Ga, ,As j 1111 superlattice. *he 
superlattice T paint might correspond to 'lie hulk f point and/or 
Alt 1.1.1) 1 point '.‘‘the ordinary bulk Brillouin zone, and the superiauice 
.If point might co> respond to the .V point and.-or A((l,-I. - I). 
( - 1.1.1) or ( - I. - 1.1)1 points of the ordinary bulk Brillouin zone. 
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can be within the mini-Brillouin zone in a reduced zone 
scheme or within the GaAs Brillouin zone in an extended 
zone scheme. (We assume that GaAs and AI x Ga, _,Asare 
perfectly lattice.matched.) 

B. Deep levels 

The theory of deep 'evels is based on the Hjalmarson et 
al. Green’s function-’ . cry, 14 which solves the secular equa¬ 
tion for the deep level energy E 

det[ 1 — G(E)V] =0 

= det ^ 1 — ? J {8(E‘-H)f 
( E-E‘))dE'Vy (16) 

Here Vis the defect potential matrix, 14 which is zero except 
at the defect site and diagonal on that site, ( 0,V„V r ,V ,V ), 
in the Vogl s*sp> local.basis centered on each atom. Wi also 
have (7= ( E-H)~\ where H is the host tight-binding 
Hamiltonian operator. The spectral density operator is 
S(E' — H) and? denotes the principal value integral overall 
energies. In the fundamental band gap of the superlattice, G 
is real. 

1. Point-group analysis 

A substitutional point defect in either bulk GaAs or 
bulk Al x Ga,_ A As has’tetrahedral ( T d ) point-group sym¬ 
metry (assuming a virtual-crystal approximation for 
Al.,Ga, _ a As). Each such s/r'-bonded defect normally has 
one r-like (A t ) and one triply degenerate p-like (7\) deep 
defect level near the fundamental band gap. If we imagine 
breaking the symmetry of bulk GaAs by making it into a 


GaAs/GaAs superlattice along the (111 ] direction, we re¬ 
duce the T d symmetry to C 3 ,,. In the GaAs/Al, Ga, _ A As 
superlattice the A, and T : deep levels of the bulk GaAs or 
A1 .<G a i-j,As produce two a, levels (one s-Iike, derived 
from the/f, level and one r,-derived /> 0 -like), one doubly 
degenerate e level (p„-Iike). Of course, for impurities far 
from a GaAs/AI A Ga, _ , As interface, ther-likea, level will 
have an energy very close to the energy of a bulk A , level, and 
the p 0 -like a, level and the p r -like e level will lie close to the 
bulk 7~ ; level also. But, i r ,7Vderived levels lie close to the 
valence-band maximum, then the splitting of the valence- 
band edge (into a doubly degeneratep r -like maximum and a 
p 0 band edge at slightly lower energy) may cause the a, 
component deep level to lie lower in energy than the e levels 
by an energy comparable with the splitting (see Eq. (16)). 
Note that this splitting exists even for defects distant from 
the interface and is a consequence of the different host spec¬ 
tral densities in the superlattice fona, and estates. 


2. Secular equations 

The secular equation, Eq. (16), is reduced by the C,„ 
point-group symmetry to the following two equations: 

(?(<?;£) = V ~ 1 for elevels, ( 17 ) 

and 


G(s,s;E)V t -l G(s,cr;E) V p 
Ct G(ct,s-E)V, G(o,o;E) V p — 1 " 
for a, levels, where we have 
G(e;E) = 2 nk ((/,,. £k|?',k) 

- (/»j,/?,k|) / ,k>| : /2(£ — E vX ), 


(18) 


(19) 


and 


G(s,s\E) -2,,J(/t„/?,k|y,k) + (/i : ,/?,k|?',k) + (£,,£,k|j',k) + (// 4 ,/?,k|j',k)|V4(£ -E } , k ), 
G(o-,cr;£) = 2,, k |3(/»„/?,k|}',k) - (A 3 ,/?,kj}',k) - (A„/?,k|}',k> - (A 4 ,/?,k|)'.k>| : /12(£- E vX ), 


( 20 ) 

( 21 ) 


G(s,o-;E) - 2,. k ((/»„/?,k|j',k) + (/i : ,/?,k|j',k) + (//.„/?,k|)',k) -f (A 4 ,/7,k|j',k)] 

X[3(// l ,/?,k|}',k> - (/»,,/?,k( r ,k> - (/j.„/7,k|r,k> - (/» 4 ,/?,k|y,k)] V[4 s /3(£-£,, k ) ]. 


( 22 ) 


Here G(o,s;E) is the Hermitian conjugate of G(s,cr;E) and/? 
is the site of the defect in the superlattice. 

For each /? the relevant host Green’s functions, Eqs. 
(19)—(22), arc evaluated, and the secular equations (17) 
and (IS) are solved, yielding £(<?;!',) and two values of 
A’ fl i;F,,' /, i)- The defect potential matrix elements K, and 
V P ar e obtained as in Ref. 4, For A’, = AL = 10. there arc 40 
possible sites/?, each with four relevant "deep levels: two a, 
and one doubly degenerate e; thus there arc 160 levels. 

For our studies of deep levels in the band gaps of 
superlattices, we consider only superlatticcs such that 
(.V, -r A' ; )/4 is an integer. In such cases the sums over k in 
Ec.' (9)-{22) can be performed using tut special points. 1 ' 
These t en superi.itiice special points are suflicient.to give the 
Green s function at any site in the superlattice with the same 


(—-—- 

accuracy as Chadi s and Cohen’s 1 " ten bulk special points 
would give for bulk GaAs or AlAs, i.e., GaAs/GaAs or 
Al As/AlAs superlatticcs. This level of accuracy is known to 
be adequate for bulk Green’s function calculations. 

ill. RESULTS 

A. Superlattice band structures 

We first calculate the band structures of super!..tt ! :es 
for A’, 4- A\ = 20 at points of high symmetry in the first 
Brillouin zone of the supcrl.mice (Fig. 1). Our calculations 
produce £.. k , the superlattice bands, as functions of .V,, the 
thickness of GaAs layers (Fig. 2). As the thickness of the 
GaAs slab, /(GaAs/ ~,N x a t /\ / 3 (where c i = 5.653 A 13 is 
the lattice constant of GaAs). or the number of GaAs layers 
A', becomes small in comparison with the thickness. 
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FIG. 2. Predicted energies (in eV) of the superiattice conduction-band 
minima and valence-band maMinum with respect to the valence-band maxi- 
mum of bulk Gd/I.vlpra 11111 GaAs/Al.Ga,., As superlattice vs reduced 
layer thicknesses .V, ..nd .V. for various .V, ,< .V. 11111 GaAs/Al.Ga, , As 
superlatticcs. with .v = 0." and .V, -j- .V. lived to be 20. The caiculations are 
based on the low-temperature hand-structures of GuAsand AI„-Gi,,As. 
with bulk band caps of 1.55 and 2.22 eV respectively. Tlieconduetion-band 
eigenvaluesat T. I ,M(L .andA'f//) of the superlattices are shown as solid 
circles, open circles, solid triangles, and solid squares. The superlattice va¬ 
lence-band maximum is at k = 0. Note the broken scale on the ordinate. 
The conduction-hand minimum and the valence-band maximum of the 
10011 superlatticcs calculated in Ref. a are also shown here as dashed lines 
for comparison. The positions of the . and extrema of bulk GaAs at C. L. 
and .V are shown on the right of the figure, at A', = 20. 


/(Al.,Ga, As) ss A’ ; a,/v'3, or number of layers ,V : of 
Al, Ga, _, As slabs, the small band-gap GaAs layers become 
quantum wells surrounded by large band-gap AI,Ga, _ ,As. 
As a result, the band gap of the superlattice increases from 
the GaAs band gap toward the Al., Ga, _ , As band gap as <V, 
decreases (for A\ large). This behavior for (111 ] superlat¬ 
tices is similar to that found for [001 ] superlattices. J The top 
of the valence band is at the Brillouin-zone center, as found 
for [001) superlattices. We find the band gaps of rV,x.V ; 
(111) GaAs/Al, Ga, _As superiattices to be direct for al¬ 
most all the cases we calculated (i.e., both the superiattices’ 
valence-band maxima and conduction-band minima are at T 
for different A',, A' ; , and .x). which was not generally the case 
for (001) superiattices. (Wo did find one extreme case 
namely a 1X 11 GaAs/AIAs superlattice, in which the gap 
was indirect by -~.0.06eV.) This could turn out to be a tech¬ 
nologically important property of these superiattices. be¬ 
cause (i) it means that (11!) superiattices can be used in the 
smallest optoelectronic devices and (ii) for such superiat¬ 
tices, the electron effective mass in the plane perpendicular 
to the growth direction is always the electron effective mass 
of bulk GaAs, which is the smallest effective mass that 
GaAs/Al,Ga, _ , As can have. The smailer effective mass 
implies larger mobility and faster device speed. 

B. Quantum-well confinement 

The fundamental band gaps for iV,xA’ : [lll) 
GaAs/Al,Ga, _ ,As superiattices are always smaller than 


for the corresponding (001) superiattices, as can be seen bya 
direct comparison of the superlatticcs with two different 
growth directions in Fig. 2. and, for some much larger super¬ 
lattice periods, in Fig. 1 of Ref. 9. It can also be seen that the 
smaller the thickness ofthequantum-well (GaAs) layer, the 
more significant is 'he difference between the quantum-well 
confinement ofthe direct edge for [001) and [111) .superiat¬ 
tices. For the same number .V, of GaAs layers, the thickness 
of the quantum well in a [ 111 ];superlaitice is greater than in 
a . >01) superiattice by a factor of 2/\/3 = 1.1547, but even 
if this factor is included, the weaker quantum-well confine¬ 
ment in the (111) superiattices.is still not completely ex¬ 
plained by a simple one-band e.’fe-'tive-mass model. 1 ' One of 
the most dramatic differences bet veen (ill) and [001 ] su¬ 
periattices of similar GaAs layer t hi.-kness is the much larger 
heavy-light hole energy level splitting at the top of valence 
bands of the superiattices. For 10X !OGaAs/Al o; Ga () , su¬ 
periattices this splitting is 0.087 eV for the (11!) superiat¬ 
tice; versus 0.035 eV for the [001) superiattice. Weattribute 
the smaller quantum-well confinement and the larger heavy- 
light hole splitting in the (Ill) superiattice to the topologi¬ 
cal difference in the bonding between the [ 1111 and the 
(001 ] superiattices. For example, at an interface in a [ 111) 
GaAs/AlAs superiattice, an As atom is bonded to either 
three Ga atoms and one Al atom or to three Al’s and one Ga. 
In contrast, an interfacial As in a [001) superiattice is bond? 
ed to two Ga and two Al atoms. This topological difference, 
which has an intrinsic three-dimensional character, affects 
both the valence and conduction bands, altering their masses 
in a way that is not described quantitatively correctly by a 
one-band effective-mass model. 

The band gap is somewhat mce sensitive to changes of 
the GaAs layer thickness than to changes in the 
Al, Ga, _ , As'layer thickness (see Fig. 5), as was the case for 
[001) superiattices. 

C. Defect levels 

The substitutional defect energy levels for ^'-bonded 
impurities can be evaluated using the techniques of Hjalmar- 
son et al., u as described above for superiattices. 



FIG. Predicted fundamental energy-band japs at k = 0 of a (III) 
(GaAs), (AI,Ga, , As), superiattice as a function of reduced GaAs 
laser ti ‘.'kness A, and Al.Ga, ,As layer thickness .V. for.v = 0.7. Note 
that the variation ofthe gap with decreasing A. from, say, 12 to 2 is less than 
the variation assoerated with changing .V, from 12 to 2. 
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FIG. 4. Illustrating the deep-to-shallow transition as a function of increas¬ 
ing GaAs layer thickness A', in a GaAs/AI,Ga, . As A', x A\ superlattice 
(SL) with x = 0.7 and A', + A'. = 20 for a Si impurity on a column III site 
in the center of a GaAs layer of the supcrlatticc host. The superla'tice con¬ 
duction-band edge (CRM) and valence-band maximum (VRM) arc indi¬ 
cated by light solid lines. The Si deep level is denoted by a neavv line, which 
is solid when the level is in the gap but dashed when the level is resonant 
with the conduction band. 1 lie deep level in t!:e hand gap for A',<4 is cov¬ 
ered up by the conduction band as a result of change.-, in the host for A', > 4. 
The impurity's deep level lies in the gap for V, 4 and is occupied by the 
extra Si electron; the Si. in this case, is thus a "deep impurity." For A', > 4. 
the deep level lies above the conduction-band edge a> a resonance. The 
daughter electron from the Si impurity which was destined for this deep 
level is autoionized, spills out of the deep resonance level, and falls to the 
conduction-band edge (light solid line) where it it subsequently bound (at 
low temperature) in a shallow level associatec wit! the long ranged Cou¬ 
lomb potential of the donor (indicated by the short light dashed line). It is 
important to realize that both the deep level and the shallow levels coexist 
and ar- distinct levels with qualitatively different wave functions. The issue 
of whether an impurity is "deep" or "shallow" is determined by whether or 
not a deep level associated w ith the impurity lies in the band gap. The com¬ 
puted deep-shallow transition o. -urs for .V, 4 layers. Wh'le the qualitative 
ph>>ies is completely reliable, it is possible that the transition layer thick¬ 
ness may differ somewhat from A', = 4 in real superlattices. 


1. Dependence on layer thickness 

Figure 4 displays the dependence on GaAs reduced lay¬ 
er thickness .V, of the deep Ga-site.-I, level of a Si impurity 17 
in the middle ofa GaAs layer in a GaAx/Al,,, Ga„ -. As super¬ 
lattice. As the size A', of the GaAs layer shrinks, the deep 
levels remain relatively constant in energy with respect to the 
GaAs valence-band maximum while ihe conduction-band 
edge of the superlattice increases in energy—progressively 
uncovering the once resonant deep level of Si and convening 
this shallow donor impurity into a deep trap. 4 Is This shal¬ 
low-deep transition as a function of GaAs well-size A’,, is 
similar for both 1111 j and (OCU ] superlattiees. Out because 
the band, gap of the (1111 superiattiec is less sensitive to 
quantum confinement, the tran.>ition of Si from a shallow 11 
a deep impurity will occur at a smaller critical GaAs layer 
thickness A’,. (Based on the genera! structure of the curves of 
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Fig. 4. it probably occurs for A’, =4 and a GaAs layer thick¬ 
ness of order w = 13 A or less.) 

A similar analysis can be made of the behavior of other 
impurities, for example, N in GaAs. Nitrogen has a resonant 
state in the conduction band of GaAs. We have predicted 4 "' 
that N in a GaAs layer of a [001 ] GaAs/Al A Ga, _ A As su- 
perlauice will have an impurity state in the band gap if the 
thickness of the GaAs layer is small enough, for example, 
<48 A or 17 molecular layers. Here we predict that N in the 
GaAs layers of a (111) GaAs/A!,Ga, _ A As superlattice 
will have an impurity state in the band gap if the thickness of 
the GaAs layers is thinner than <32 A or ten molecular 
layers. 


2. As vacancy levels 

Figure 5 displays the deep energy levels in the band gap 
of an As vacancy in a .V, = N 2 = 10 GaAs/A!„ -Ga () -i As 
superlattice, as a function of/?, the site of the vacancy in the 
superhelix or superslab. A vacancy is simulated here by let¬ 
ting the coefficients of the vacancy state wave function at the 
vacancy site vanish, becausevacancy stau eaiinoi nave an 
expansion cocfiicient at nonexisting orbitals. 1 " Several fea¬ 
tures of the results in Fig. 5 are worth noting: in contrast 
with the [001 ] superlattice case, the [ 111J superlattices are 
not ‘‘symmetrical’’ any more: the two interfaces/? = 0 and 
/? = 20 are not equivalent to each other any more: at the 
(i = 0 interface, there are three hyh-ids directed inside the 
Al A Ga, _ a As layer, and one hybrid in the GaAs layer, but at 
the/? = 20 interface, there are three hybrids inside the GaAs 
layer and one hybrid in the Al A Ga, _ a As layer. A direct 
consequence of this nonsymmetry is the asymmetrical posi¬ 
tion-dependence of the ^.-derived As vacancy level. Near 
the interface/? = 0 the/?-!ike T z bulk As vacancy level splits 
into two levels: an a, level and a douoiy degenerate c state. 
Thee, level corresponds to a p-liko level with its orbital per¬ 
pendicular to the atomic layers and has almost the energy of 
a bulk GaAs 7\ level, while the e level corresponds to two p- 
like orbitals inside the atomic layer, and has an energy al¬ 
most the same as the b*:lk A \Ga, . A As 7\ level. However, 
near the interface/? = 20 the a, lex el has an energy almost 
the same as the bulk A! a Ga, _ v As level with its orbital ori¬ 
ented perpendicular to the atomic layers, and the e level has 
an energy almost the same as,‘.he bulk GaAs level. The split¬ 
ting between the o, and e levels at the interface arc smaller 
than the splitting in the corresponding [001) superiattiec. 31 
of order less than 0.1 eV, and becomes smaller yet when the 
vacancy is more than three or so atomic layers from the 
interface—but may not vanish even if the defect is distant 
from the interface, as a result of the splitting of the valence- 
band edge in the superiattiec and the resultk.g changes of me 
host spectral density. 4 The other general behavior of the As 
vacancy state in [111] superlatiiees is very si. ilar to the 
behavior in [001] superlaiiiccs. 

Similar behavior to that found for tin. As vacancy levels 
is to be expected for all As site .vy'-bonaed deep impurity 
levels :n GaAs/Al.Git, v Assuperlaitiees. although ihe is¬ 
sue of whether a specific deep level lies in the fundamental 
band gap or not depends on the defect potential for that 
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impurity L-.d on rV t , .V,, and x. But if a 7\ level does lie in the 
gap, the lower the energy level.is, the larger the superlattice 
induced splitting of it would be, due to the greater influence 
of the split top of the valence band. 


3. Cation vacancy levels 

The/l, bulk levels for a Ga vacancy in GaAs and for a 
cation vacancy in Al. t Ga, _ ,As all lie very deep in the host 
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cuner in the bulk or ai an interface of a GaAs/Al_,Ga. .^As 
superiattice'. 

The r ; -derived cation vacancy levels produce deep lev¬ 
els near the valence-band maxima of both (001J and (111) 
GaAs/Al^Ga, _ x As superlattices" 1 (see Fig. 6). In bulk 
GaAs. the T : cation vacancy level is predicted" to lie =0.03 
eV below the valence-band maximum, li bulk Al ( ,-Ga 0 ,As. 
the predicted vacancy level is in the gap. 0.11 eV above the 
Al„.Ga <) , As valence-band maximum. If a 0.33-eV band off¬ 
set is assumed for the GaAs/Al ( . - Ga 0 5 As superlattice, tiiis 
vacancy level should lie 0.22 eV below the top of valence 
band of GaAs. In the [111] GaAs/Al.Ga, _ r As superlat¬ 
tice near the interface, the 7* : cation vacancy level splits into 
c, and e sublevels. For a= 0.7, some or all of these sublc« .is 
may lie in the gap of the superiattice. The energy of a deep 
level with specified symmetry is determined by : balance 
between the conduction-band states, which push the level 
down in energy, and the valence-band states, which repel it 
upward. Hence it can be easily understood that the cation 
vacancy levels, because they are very close to the top qf va¬ 
lence band of the superiattice, are most affected by the heavy 
(cstate)-light (a, state) hole splitting of the superiattice. as 
we have seen in the (001) superiattice case. For [111] super- 
lattices, because the heavy-light hole splitting is even larger, 
its effect is even larger. 

If the predictions are taken literally, tfien near the inter¬ 
face the cation vacancy produces a very interesting level 
structure, depending on the site of the vacancy. To begin 
with, in a GaAs layer of the superiattice. the bulk-GaAs T z 
valence-band resonance becomes either an c level in the gap 
of the superiattice or an e resonant state (depending on the 
position of the vacancy), and an a, resonant state. The e 
levels lie roughly =0.07 eV above the o, levels, much more 
than in the case of (001 ] superlattices. This is because the T : 
levels are near the valence-band maximum and. in the super- 
lattice. the 7* ; -like valence-band maximum is ..plit into a, 
(light-hole./>„-like) and c (heavv-hole. p. -like) edges, and 
because the a. valence-band edge has a lighter effective mass 
and a stronger quantum-well confinement effect: the band 
edge for a, (/7,,-like) states lies 0.0S7 eV below the edge for e 
states. The a, states lie lower because the band states deep in 
the valence banc: that repel them are at lower energy in the 
supe: 1 .nice (this light-hole character of the p „-like valence- 
band states cause them to be driven down in energy by the 
quantum confinement of the superiattice). In an 
Al, ); Ga„ - As layer, the cation deep vacancy levels are now 
all resonant with the valence band of the superiattice (al¬ 
though in bulk Al (l .Ga t , jAs they lie in the gap). Tnis is cue 
mainly 'o the band ollsct and the fact that, roughly speaking, 
the dcip levels do not move (much) whereas the valence- 
band edges do. as one goes from oulk GaAs to the superlat- 
tiec to bulk Al.,-Gu„-.As. 

The neutral Ga vacancy in the bulk of GaAs t assuming 
its deep level lies in the valence band; is a triple acceptor 
(Fig. 6). Consider this vacancy at the near-interfacial sue 
/? = 1 in GaAs: its levels, in order of decreasing energy are c 
and a,. In all of the cases of Fig. 6. the cation \ aeancy is 
either a triple 'hallow acceptor or a deep trap foHfplh an 


level in the gap. If it were the case that a cation vacancy near 
an interface had all of its sublevels resonant with the valence 
band of the superiattice, then the vacancy would be a triple 
shallow acceptor. If the vacancy were near the center of the 
GaAs layer, the vacancy would be a deep trap for both elec¬ 
tro..*. and holes. Because the cation vacancy lies so near the 
valence-band maximum, relatively small amounts of lattice 
relaxation or charge-state splittings of the defect levels couid 
alter the predictions for tne character of the impurities. 

All other Ga site,*/;’ bonded substitutional impurity T z 
levels will have similar position dependencies to the ones 
found here for the Ga vacancy. But if the energy levels are far 
away from the top of the valence band, the effect of the va¬ 
lence-band spliii.ng will be smaller. 

IV. SUMMARY 

We have found that the basic physics of electronic struc¬ 
ture and deep impurity level*- is the same for [111] and 
(001] superlattices. with three moor differences: (i) The 
topological difference of the bonding in the (111] growth 
direction and the (001 ] growth direction cause significant 
differences of electronic structure and defect state behavior 
in the superlattices: (111] superlattices almost always have 
direct band gaps, quantum-confinement effects are weaker, 
and therefore .-hallow-deep transitions for impurities such as 
Si or N occur at smaller GaAs quantum-well sizes. Thus, the 
[111] GaAs/Al.,Ga, As superlattices may prove to be 
better materials for electronic applications than the (001] 
GaAs/Al.Ga, _ A As superlattices. (ii) The point-group 
symmetty of substitutional impurities in [ 111 ] superlattices 
is C», rather than C : ,„ as in [ 001 ] superlattices. Therefore 
bull: 7* : impurity levels arc split into one nondegeneraie a, 
level and one douh!; degenerate level c, instead of three non- 
deg mate level:- (iii) The larger <?-c, splitting of the top 
valence band leads to larger splittings of the bulk T : levels, 
especially for those itt GaAs layers and close to the top of 
valence band. We hope the theoretical work presented will 
stimulate more experiments on deep levels in superlattices. 
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We examine the electronic structure of the prototypical semimagnetic semiconductors 
Cdi-,Mn^Te with a combination of inverse photoemission, resonant synchrotron-radiation photo¬ 
emission, and local-density pseudofunction model calculations. We show that the Mn 3d states lie 
outside the fundamental gap, the d\-d\ exchange splitting is 8.3 eV (almost twice as large as ex¬ 
pected from earlier theoretical estimates), and that the ground-state configuration of Mn in the 
solid is primarily (</f ) 5 (j|)(p}) rather than (dj) } s 2 . 


The novel magnetotransport and magneto-optical prop¬ 
erties of ternary semimagnetic semiconductors depend 
critically on the character and location of the Mn*derived 
d states, which are still quite controversial.’ in this paper 
we present what is, to our knowledge, the first investiga¬ 
tion of the excited electron states of a semimagnetic semi¬ 
conductor by means of inverse-photoemission spectrosco¬ 
py. 2 When combined with new photoemission spectrosco¬ 
py results for the occupied electronic states and new self- 
consistent local-density pseudofunctii't 3 calculations for 
zinc blende MnTe, our results force a reevaluation of 
current ideas about the magnitude of electron-electron 
correlation and the electronic configuration of Mn in ter¬ 
nary semimagnetic semiconductors. 

Our measurements were performed on Cd|-.*Mn,Te 
single crystals cleaved in situ following the methodology 
described in Refs. 1, 4, and 5. Inverse-photoemission 
measurements were performed in the brems.trahlung iso- 
chromat spectroscopy (BIS) mode 2 at a photon energy of 
1486.6 eV with a spectrometer resolution of 0.7 eV.’ The 
photoemission measurements were performed in the angu¬ 
lar integrated mode and photoelectron energy distribution 
curves (EDO were obtained with overall energy resolu¬ 
tion from 0.15 (/iv~40 eV) to 0.45 eV (/iv“ 120 eV), 6 

Two methods can be used to analyze the 3 d contribu¬ 
tion to the valence density of states (DOS) of semimag¬ 
netic semiconductor;" they involve ternary-binary va¬ 
lence-band EDC difference curves’ and resonance- 


antiresonance EDC difference curves obtained at Mn 5 3p- 
3 d resonance-antiresonanc'* photon energies . 7 " 9 In Fig. 
1 (a) we show cn example of the first method for a Cdo. 55 - 
Mno. 4 $Te alloy . 10 The binding energies in Fig. 1 (a) are 
referred to the top of the valence-band maximum £,. as 
derived from a linear extrapolation of the valence-band 
edge . 11 In Figs. Kb) and 1 (c) we show examples of 
resonance-antiresonance difference curves for Cdo.j;- 
Mno.4sTe and Cd 0 . 80 Mn 0 . 20 Tc, respectively. 2 The Mn 3 d 
contribution in Figs. l(a)-l(c) v gives rise in all cases to a 
dominant emission feature 3.5 eV below a low 
binding-energy shoulder in the 0-2*eV range, and a broad 
satellite in the 6-9-eV range. The results of Figs. 1(b) 
and. 1(c) are in agreement with those of Ref. 8, and the 
relatively weak concentration dependence of the Mn Id 
features indicates that they mostly refle'ci the unchanging 
local Mn-Te coordination. An interpretation of these 
features has been given in terms of first principles one- 
electron calculations U|4 that neglect final-state effects 
and exhibit a relatively poor agreement with experi¬ 
ment, 8,13,|J or using a scmiempincai configuration in¬ 
teraction cluster model 9 tha’ can address the screening of 
the 3 d hole, but cannot directly incorporate Mn 3</-Te 5p 
hybridization effects in the initial state. 

We reevaluate here the merits of the one-electron pic¬ 
ture on the basis of our new calculations of the electronic 
structure of anliferromagnetic zinc blende MnTe. Ex¬ 
tended x-ray-absorption fine-structure investigations 15 
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FIG. 1. (a) Ternary-binary difference curve for th • valence* 
band emission of Cdo.ssMno-ijTe-CdTe at the Mn 3p-3d reso¬ 
nance (Av “50 eV). (b) Resonance-antiresonance difference 
curve (Av"“50 and 47 eV) for Cdo.jjMno^Te emphasizing the 
Mn 3 d contribution to the valence band, (c) Rcsonance- 
antiresonance difference curve (Av**50 and 47 eV) for Cdo.so- 
Mno,:oTe. (d) Theoretical /-projected density of states showing 
the Mn 3 d character in antiferromagnetic zinc blende MnTe. 
The ground state corresponds to a Mn configuration close to 
d i sp (solid line). Broadening with a Gaussian instrumental 
window function (dashed line) facilitates comparison with ex¬ 
periment. (e) Mn 3 d character in antiferromagnetic zinc blende 
MnTe for the artificial d i s : configuration. 

and the ph noemission data of Fig. 1 indicate that such a 
hypothetical compound should reflect the same Mn-Te lo¬ 
cal coordination and 3r/ contribution to the electronic 
structure ’found in the ternary alloys. The electronic 
structure calculations employed an r-space pseudofunc¬ 
tion method in the local-density approximation, which we 
have modified to handle spin polarization. - ' We used a unit 
cell containing two Mn atoms and two Te atoms, 14 and 
considered both antiferromagnetic and ferromagnetic 
phases of Mn. The spin-dependent basis set employed 
naturally allows hypothetical zinc blende MnTe to adopt a 
ground state of arbitrary spin polarization in each atomic 
cell. 16 Our total-energy calculations favored the antifer- 
rOmagnetic ground state with a Mn-Te bond length of 
2.68 A (as compared with the experimental value of 2.73 
A), an indication that the calcuh ’ had converged to 
correct physics. We used 181: plane waves of each spin in 
our basis set and two special points 1 ’ to approximate "j- 
legratmn over the first Briliouin zone. The cumulations 


indicate that the ground state of MnTe corresponds to 
highly spin-polarized Mn*derived conduction states, with 
Mn atomic configuration close to (r/t) 5 (i|)(pt), i.e., the 
Hund’s-rule ground state, rather than the customary 
(d t ) 5 j 2 ground state of the atom. 18 

We show in Fig. 1 (d) the projected 3 d density of states 
for the ground state of MnTe. The agreement in Fig. 1 
between the one-electron theory and the photoemission re¬ 
sults is unprecedented for diluted magnetic semiconduc¬ 
tors, and only the broad, satellite in the 6-9-eV range is 
not accounted for in the calculations. 19 

To confirm the importance of Mn (d\)Hs\)(p\) 
bonding and spin polarization of both valence and conduc¬ 
tion bands, we show in Fig. 1(e) the Mn 3d spectral 
density of states from a calculation for MnTe in which 
•he basis set and the spin-polarization were restricted 
such that the around-state Mn electron configuration is 
close to id] ) 3 (j1 )(j-1 ), with some contribution from 
the spin-unpolarized configurations (d\ ) 5 (st )(pi), 
Wt ) 5 (j| )(pt). and (d\ ) 5 (p|)(pj). The result is simi¬ 
lar to that of previous calculations, 1314 but we emphasize 
that this result does not correspond to the ground state of 
MnTe and it predicts a major 3d feature at 2.4 eV that is 
not observed experimentally. We conclude that the Mn 
electronic configuration in the Cdi -, r Mr ,Te alloy series 
is (c/f ) 5 (jj )(pt) rather than WJ)'V. 

In Fig. 2(a) we show BIS spectra for CdTe and 
Cd 0 . 80 Mn 0 . 20 Te in the 0-16-eV energy range above the 
Fermi level £>. The position of £ f at the surface was 
0.62 ±0.1 and 0.75 ±0.1 eV above the valence-band 
maximum for Cdo,8oMno.:oTe and CdTe. respectively. 
Each spectrum in Fig. 2(a) was obtained as the sum of 
quantitatively consistent spectra from 20 different 
cleaves. 20 Charging effects were observed for all samples 
with x >: 0.45. The spectra were normalized for compar¬ 
ison to the CdTe DOS feature at 6.7 eV, 21 and subtracted 
from each other in order to obtain the difference curve in 
Fig. 2(b). Results for the .v“0.35 alloy are qualitatively 
consistent with those for the .v “0.20 alloys. 22,23 

The BIS spectrum for CdTe is in good quantitative 
agreement with the results of DOS calculations by Cheli- 
kowskv and Cohen. 24 A first stiucture at about 4 eV orig¬ 
inate' from statesvdn the first two conduction bands along 
A ano near A' in the Briliouin zone. The structure at 6.7 
eV primarily derives from states in low-symmetry direc¬ 
tions of the Briliouin zone. A double emission feature in 
the 9-10-eV -ange originates from states in the third con¬ 
duction hand at L , and from a combination 
of states from higher bands in the A direction. 23,24 In 
Cd|-, v Mn v Te new MnTe-related features are observed in* 
Fig. 2 at 4.2, 10.2, 12.2, and 13.8 eV (open squares) par¬ 
tially superimposed to the binary DOS features. Because 
of the normalization employed, minima and maxima in 
the difference curve of Fig. 2(b) correspond to binding en¬ 
ergies at which the Cd|- A Mn v Te DOS is small or large, 
respectively, as compared to the CdTe DOS. It is there¬ 
fore reasonable to compare the difference curve in Fig. 
2(b) with the results of our calculations for MnTe. 

We show in Fig. 2(b) (solid lino) the total DOS above 
£f for the antiferrornagnetic zin” blende g.ound state of 
MnTe. For comparison we also give in Fig. 2(c) th-. 
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FIG. 2. (a) BIS from CdTe (filled circles) and 

CdoJoMii(i;oTe (open triangles). The conduction-band 
minimum F.c is 0.9 eV above the Fermi'level £> for CdTe, 1.2 
eV for CdosMnojTe. (b) A difference curve (open squares) de¬ 
rived from the spectra in Fig. 2(a) is compared with the result of 
local density functional calculations of the total density of states 
above Et (solid line) for antiferromagnetic zinc blende MnTe. 
The theoretical spectrum has been rigidly shifted to align the 
calculated features to the experimental ones. Convolution with 
a Gaussian broadening function (dashed line) facilitates com¬ 
parison with experiment, (c) Theoretical total density of states 
for antiferromagnetic zinc blende MnTe where Mn is in the 
artificial low-spin </ V configuration. 

analogous result for the reduced spin-polarization (Mn 
d > s‘) case. The theoretical DOS is also shown after con¬ 
volution with a 1.5-eV-wide Gaussian broadening function 
(dashed line) to account for experimental resolution, life¬ 
time, and alloy scattering effects. :s In accord with the 
usual practice of local-density theory, the calculated total 
DOS has been rigidly shifted 26 to higher binding energy 
to align the experimental and the theoretical main 
spectral features. We observe a fair agreement between 


theory and experiment. The difference curve exhibits a 
minimum at 8.5 eV and two broad maxima m the 3.0-6.0 
and 10-14-eV energy ranges and it is in somewi;,- better 
agreement .wth the theoretical d*cp curve [minima at 6 
and 8.5 eV. maxima in the 0-6) and (H)-l5)-eV ranges] 
than with the d's 2 curve [minimum at 6.5 eV, maxima in 
the (3-6)- ar.d (8-15)-cV ranges]. We emphasize howev¬ 
er, that one could not conclusively rule out the J^s 2 
configuration just on the basis of the resul* > of Fig. 2. An¬ 
gular momentum projection of the DOS allows us to iden¬ 
tify the 4.2-eV feature as primarily Mn 3 d derived. The 
emission features at 10.2, 12.2, and !3.8 eV are associated 
primarily with Mn ,/ state-, with some admixture of Te p 
character. 

We emphasize that in Fig. 2(b) we see no evidence of 
the Mn-derived states in the gap predicted by earlier 
theories . 13,14,27 BIS studies of Mn thin films (1-5 A) on 
lCdt-,Mn r Te (Ref. 22) clearly show d emission in the 
gap, instead, when unreacted Mn is present. We can now 
estimate the d\-d\ exchange splitting from the position of 
the main Mn 3 d features relative to the Fermi level, and 
obtain 3.5 + 0.62 + 4.2“8.32±0.4 eV. Recent first- 
principles calculations for Cdo.joMno. 50 Te alloys 14 predict¬ 
ed a Mn 3d\ band —2.5 eV below E. and a d i feature 
within 2 eV of E ,., giving a splitting of 4.5 eV that is ap¬ 
proximately half (54S) of our experimental value of 
8.32 ±0.4 eV and is substantially smaller than our new 
theoretical value of 6.8 eV. Wc note that for Mn atoms in 
AgMn intermetallics 23 the experimental splitting between 
majority* and minority-spin states has also Ken founu 
larger (5(Fr) than the value obta ned from conventional 
local-den.'i;y calculations (3.i :V). 

Earlier semicmpiricai calculations are in better agree¬ 
ment with the experimental exchange splitting. Ehren- 
reich et u /. 29 predicted a 7.0-eV exchange splitting in their 
tight-binding calculations for Cd|-,Mn t Te. The se.ni- 
empirical cluster model 9 fixed the value of the Coulomb 
correlation energy at about —8 eV. Such a value is in 
g -od agreement with our experimental result, and compa¬ 
rable with those assumed for Mot: insulators such as 
MnO (9 eV) (Ref. 9) for which conventional local-density 
functional calculations also systematically underestimated 
the band gap and the d\-d\ splitting. The similar energy 
position of the 6-9-eV many-electron satellites 19 in 
Cdt-. v Mn. t Te and MnO is then seen to be a rellection of 
the similar 3 d correlation energy in these materials. 

Our results indicate that optical transitions from the top 
of the sp valence states to the unoccupied d states should 
invol-e a photon energy of 4.8 ±0.3 eV in the absence of 
final-state effects. Structure at 4.5 eV has been indeed ob¬ 
served in ellipsometry studies of Cdi- v Mn t Te , 30 and 
Kendelewicz 30 tentatively interpreted structure at 4.5 eV 
in reflectivity measurements as deriving *'om sp— d\ 
transitions. However, in most recent studio. optical tran¬ 
sitions at 2.2 eV have bee interpreted s interband transi¬ 
tions from the top of the valence band to the unoccupied 
d\ states , 14,27 or as intra-atomic d-d excitations . 14 and 
large final-state effects have been called upon to explain a 
presumed discrepancy between photoemission and optical 
results, and photoemission and local-density functional re¬ 
sults. We find little evidence of such a discrepancy in our 
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results, and suggest that the interpretation of the optical 
structure proposed in Refs. 14 and 27 should be reexam¬ 
ined. In particular, our results strongly support the inter¬ 
pretation of the optical spectra proposed by Kendele- 
wicz, 30 and indicate that an alternate explanation should 
be found for the optical structure at lower energy. In this 
connection we mention that Larson et al. 13 recently con¬ 
tended that the optical structure at 2.2 eV could be alter¬ 
natively explained in terms of standard Gu v-^-related) 
interband transition, or Mn 2+ excitoniclike excitations 
that do not appear in the band-structure results. 

In summary, inverse and resonant photoemission results 


for Cd|-,Mn x Te, indicate a d\-d\ exchange splitting al¬ 
most twice as large as expected from earlier first- 
principles calculations and support a spin-polarized d i sp- 
tike ground state for Mn in these materials.. 
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A structure-modulated superlattice is a lay-red material whose alternate layers are composed of 
materials with different crystal structures. Structure-modulated superlattices can be fabricated 
which have no composition modulation- for example, the zinc-blende-wurtzits CC:' semiconduct¬ 
ing superlattice. We present a theory of such zmc-blende-wurtzite structure-modulated superlat¬ 
tices. and find the following for a ntXresi-neighbor tight-binding model with ideal wunztte c/a ra¬ 
tio: (i) The fundamental band gap of the superiattice equals those of both the zinc-blende and the 
wurtzite parent structures; (ii) in the superlattice growth direction, the dispersion relations £„(k) 
for the electrons and holes are the same as in the parent materials; (iii) in directions perpendicular 
to the superiattice growth direction, the superlattice dispersion relations £„(k) lie near those of the 
parent zinc-blende and wurtzite material:., and (ivj deep-level energies are almost the s. :ne as in the 
parent materials. The zinc-blcnde-wurtzite superlattice is espetially interesting, because the inter¬ 
face between zinc-blende and wurtzite structures is ambiguous. 


I. INTRODUCTION 

Man-made superlattices fall into three categories: (i; 
composition-modulated superlattices such as zb- 
GaAs/zb-AlAs (where the prefix "zb-" indicates zinc- 
blende), (ii),-structure-modulated superlattices such as zb- 
CdS/u'-CdS (where "to-" denotes wurtzite), and (iii) com¬ 
bined composition- and structure-modulated superlattices 
such as zb-ZnTe/tr-ZnSe. To date, most research has fo¬ 
cused on composition-modulated superlattices. Here we 
present a theors of zmc-blende-wurtzite structure- 
modulated superlattices, which are grown along the (111] 
zinc-blende direction and the wurtzite c axis'. It is well 
known that numerous 1I-VI compound semiconductors, 
such as ZnS. ZnSe, CdS, and CdSe exhibit both zinc- 
blende and wurtzite bulk crystal structures/ and hence 
are candidates for fabrication of zinc-blende-wurtzite su- 
perlatticcs. Dilute magnetic semiconductor alloys, such 
as Zn,_,Mn,S and Zn,_,Mn A Se. are also poten.ial con¬ 
stituents of zmc-blende-wurtzite superlattices. Here we 
treat the case of the CdS zinc-blende-wurtzite structure. 

The zinc-blende-ss urtzite superlattice has a particular¬ 
ly interesting topological feature r> that it does not con¬ 
tain an unambiguous interface between the zinc-bi.nue 
and wurtzite structures For example, in Fig. I. one may 
select the wurtzite laser as extending either from plane E 
to plane I, or fron plane C to plane E. or from plane II 
to plane L, With any of these choices, the layer 
thicknesses of the wurtzite layer and the zinc-blende lay¬ 
er are the same. 
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A3 CD E f G -H I J K L 

Cd S Cd S C-d S Cd S Cd S Cd S 


:b — —- -w - - 

- : b —w — 

- - :b- . v* 


FIG. I. Illustrating the structure if a 2X1 zinc- 
blemir-wurtzite structure-modulated CdS supei lattice with the 
period of two layers of zinc-blcnde and ont laser * wurtzite 
structure. The large (smal'i • <■ denote Co 'SI atoms. The 

atomic planes are labeled A-L. with alternating planes contain¬ 
ing Cd or S atoms. The . rhiguuy cf the zinc- 
blenu.—wunziu interface is iliuvrtc a h\ noting various 
different lasers ss\.ch can be considered to b. ztnc-b.ende izbi 
or wurtzite •!/■>. F«: example, planes d -E h*r C-G, or £>-//* 
C3n be considered n He zinc-blende, while E-I lor G-K, or 
H-L> can be considered to be svurtzite. 
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II. FORMALISM 
A. Host Hamiltonian 

The growth direction of our CdS zinc-blende-wurtzite 
superlattice is denned as the direction “3’' and is assumed 
to coincide with the zinc-blende [111] direction and the 
wurtzitc c axis. The orthogonal directions “l" and “2" 
correspond to the zinc-blende [2IT] and [01 T] direction 
respectively. The superlattice we consider has A' zb two- 
atom thick layers of zinc-blende structure and A' u , four- 
atom thick layers of wurtzitc structure repeated periodi¬ 
cally; the zinc-blende and wurtzitc structures are as¬ 
sumed to be perfectly lattice matched. We denote this 
superlattice as an A r :b XA' u , zinc-blende-wurtzite super¬ 
lattice. 

We first define a superhelix or supercell as a helical 
string with 2A r Ib adjacently bonded atoms of zinc-blende 
structure with its axis aligned along the [Hi] direction 
and 4A' U , adjacently bonded atoms of wurtzite structure 
with its axis aligned along the wurtzite-c direction, con¬ 
sisting of S, Cd, S, Cd, S, Cd.S, Cd. The center of 

the helix is at L and each of the atoms of the helix is at 
position L-i-v* (for 0=0,1,2,, 2A' Jb +4A' ll . -1). A su- 
perslab of zinc-blende-wurtzite CdS consists of all such 
helixes with the same value of Lj and all possible 
different values of Z., and Z.,; and the superiattice is a 
stacked array of these superslabs. If the origin oficoordi- 

-——-----f 

m o,o) Hi o,i) o . o 

hH 0,1) HU,}) HU,2) 0 0 o 

0 H'u, 2) Hi 2,2) 7/(2,3) 0 0 


natesris taken to be at a S atom, the a and y axes are 
oriented such that a neighboring cation is at (4, 4, 
where a L is the lattice constant of the zinc-blende struc¬ 
ture. 

We describe the electronic strut «.e wi;r. a nearest- 
neichbor tight-binding Hamiltonian. At each site there 
are four sp l basis orbitals jn.L.v,,), where n =s,p x ,p.„ or 
p : and 0=0,1,2.2A', b +4A' — 1. (Because the semi¬ 

conductors exhibiting both wurtzite and zinc-blende 
structures also have large direct gaps, it is not necessary 
to employ an excited s‘ basis orbiiai at each site. Such 
an orbital is useful for obtaining t!.v indirect conduction- 
band edges found in indirect-ban., ^ap semiconductors. 15 ) 
In terms of these orbitals we form the tight-binding orbit¬ 
als 

!/i,0,k)=A', _l/: 2 exp(/k-L4-i'k-v fi ) \n,L,Vp) , (1) 

where k is any wave vectoi of the superiattice Brillouin 
zone. Here A’, is the number of supercells. 

The minizone wave vector is a good quantum number, 
and so the tight-binding Hamiltonian is diagonal in k. 
Evaluation of the matrix elements (n,0.k 77,/i’,0\k) 
leads to a tight-binding Hamiitonian of the block tridiag¬ 
onal form. For different 0 and 0', the first three rows of 
block matrices are 


H (0.2A', b -r 4A ? U . — 1) 
0 


The last row of blocks is 

7/ , (0,2A', b -r4A’ tt . - 1 >00 • • * 0 7/ , (2A' lb 4-4A'„ ~2.2.V, b -r4.Y u - 1) 7/(2A', b -r4A' u - l,2A' Ib -r4,V w - 1) . (3) 


r 


Here H (0,0') depends on k and is given in terms of vari 
ous 4X4 matrices for different n and n’. 

The diagonal (in 0) 4X4 matrix, H (0,0) at site 0, is 

[e, 0 0 0 > 


H (0,0) = (n,0,k!/7 i/i',0,k) = 


0 


0 

f /> 

0 


0 

0 


where the energies e, and <f. -n H (0.0) arc the atomic en¬ 
ergy levels of the s and p states for the atom at the 0tn 
site, and nu.. be obtained from tabulated parameters. 4 
Fir a pure structure-modulated zinc-blende-wurtzite su¬ 
periattice, we take the valence-band offset to be zero. 
That is to say, the cations and anions are assumed to 
have the A .me values of e, an<.' e. independent of whether 
they lie in a zinc-blende layer or a wurtzite layer. 


There are several distinct cases for which the off- 
diagonal (in 0) matrix elements (/i,0,k.7/j/i',0‘,k) are 
nonzero (for 0=t:0'). 

/. Zinc-blende intrastructure matrix elements 

If 0 and 0' both refer to nearest-neighbor sites in the 
zinc-blende structure, we have, for example, 

tn,0,l. , //in',0',kJ = // vVh>J .„ , (5) 

if 0 refers to a euuon and 0' refer'. :o an anion. H ( !b a lh 
is a 4X4 matrix whose rows and columns are labeled by n 
and n‘, which range over the values s, Pyt and p.. 
Similarly we have matrix elements these ma¬ 

trix elements are 
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C„F, 

-c 0 k 4 - 

-C 0 k 4 

-c 0 k 4 


V\ = 

K(s,s) , 



C 0 K, 

Co ^3 

C 0 ^3 


v 2 = 

V(.x,x) . 

•^c.7h;4.ib 

Q^s 

Co ^3 

C 0 V: 

C 0 Yy 

( 6 ) 

& 

^3 = 

V(x,y) , 


c oVy 

Co ^ 

Co Vy 

Co V l . 


^4 = 

Visa, pc) 

Here we have C 0 = 

■■go, where 

we h-v 

e 4g 0 — exp(/k-x 0 ), 

and 


and x n =(a L 

/4)( 1,1 

1 ), with a 

L being 

the lattice constant 

V< = 

V{sc, pa) 


of zir.c-blende CdS. Here k is the wave vector. In addi¬ 
tion, we have 


in the notation of Vogl et al., 1 and 
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H. 


a.zbif.zb” 


- v t\-gv+&>-g.i) 


V*l8i-8i-8i) 
VJg, +srj+gj) 
rji-Zi-Si+g}) 
^}(-8i+g:~g)i 


We also have 

4g, = exp(/k-x,) , 
4g,= exp(/k*x 2 ) , 
and 


4gj = expl/k-xj) , 

with x, ~(a L /4)( 1, - 1, - i), x : = (o i /4)( - 1,1, - 1), and 
x J = (a i _/4)( - 1, - 1,!). All of the matrix elements fare 
those tabulated 4 for CdS. 


2. Wurtzite intrastructure matrix elements 

The wurtzite structure has an exact hexagonal symme¬ 
try, and an approximate tetrahedral short-ranged symme¬ 
try: every atom is surrounded by a near tetrahedron of 
four atoms of the opposite species. The nearest-neighbor 
geometry is tetrahedral if the wurtzite structure has the 
ideal c/a ratio of , S/3) l/ *= 1.633. In the ideal limit, the 
fundamental band gap of the wurtzite crystal structure is 
the «arne as fot the zinc-blende structure ; 5 Most wurtzite 
semiconductors are very close to the idear limit; for ex¬ 
ample, CdS, CdSe, ZnS, and ZnTo have c/a ratios of 
1.632, 1.630, 1.641, and 1.637, respectively . 5 In this pa¬ 


?*(-8 l+ZzS)) 
K'-Zi-g'.+Z}) 
Pjtei+sz+sj) 
v ^S\-8r-8'>) 


-Zi+Si''' 

k j< _ Si+S2“£j) 

^(gt-rgj+gj) 


(7) 


f 


per we assume that the wurtzite ns ideal, with the same 
bond length as its zinc-blende partner. As a result, the 
wurtzite matrix elements, in a r.arest-neighbor tight- 
binding model, are related to,the zinc-blende matrix ele¬ 
ments, as follows. 

If (3 ano P' both refer to nearest-neighbor sites in the 
wurtzite structure, we will also have 

ln,P,k.\H\n',P',]e.) — H C ' IL ,. a w - . (8) 


Similarly we have 

matrix elements- H a 


trix elements are 





C 0 ^i 

~C 0 V 4 

~C 0 V 4 ■ 

~CqV, 


C 0 Fj 

C 0 F, 

Co ^ 

Wi 

^C.a\C.U? 

C 0 Fj 

C 0 V; 

C 0 F, 

Co V, 


C 0 V } 

Co V } 

Co Vy 

c 0 v 2 


These ma- 


(9) 


Here the C 0 and V, ‘s are the same as defined before. This 
form is exactly the same as in ( 6 ). For the wurtzite struc¬ 
ture we have two different forms of because 

there are four atoms in each unit cell-las opposed to two 
for zinc-blende); one is the same as in Eq. i7' j, d the oth¬ 
er is 


-f\(-5g4--g 5 -i-g 4 )/3 
J.ao.u-- -K J ,g J - 5 g,-r-g t) )/3 
- l Mj,’4-i-gj-5g 0 )/J 


^4< ~ 5^4 4-gj -fg 6 )/3 
- ^31^4 +8s 

~ l/ )i(g^z 6 )-ry }2S} 


Vs(gs~5g s -rg 6 )/3 
“ V.xi(gi+g}) + F^gj, 
^iSj + ^4+56) 


yjgi+gs-Sg*)/} ' 

~ f/ 3|^4-hg.,)~iVg« 

^li’b^ m Z< 


Here we have 
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V lv =aSV ppo +2V„ v )/n=V(x t x)+%V(x,y ). 
Vh=LV„a+Mpp.)/V=V(X’*'-Ti V[x >y'’ 
V u =5V{x,y)/9 , 

Vn = Vlx,y)/9 , 

4g 4 ss exp(/k-x 4 ), 

4g J as exp(/k-x 5 ) , 


7799 


and 


4g 4 SS! exp(/k-x 6 ) . 

Wc also have x 4 -(a L / 4)(-{,j,j), x 5 =(a L /4)(j.j>* x 6 =(a Zi /4)(},j.“7 ) > and parameters V which are those 
tabulated 4 for CdS. v 

3. Interstructure matrix elements 


Th); fact that the location of the zir.c-blende-wurtzite interface is ambiguous means that one must (i) develop a for¬ 
malism that treats the interfacial matrix elements the same, independent of interface choice, and (ii) select a spec : fic in¬ 
terface for a particular calculation. There are two distinct forms for Hamiltonian matrix elements connecting one atom 
in the zinc-blende structure with another in the wurtzite structure. They are 


H. 


a.usc.ib 


Y*lgl-gl-8s) ^(“S|+g2“*3> 

~Vs(-8\+g2~gs) ^j(“«|“«2 + S>) ^2(«l + g2 + Sj) 

~K 3 (-g|-g r +g 3 ) ^ 3 (-«l+g 2 ~« 3 ) Vilg-gl-gi) 


f'4(“Jl“g2 a -gj) 

( ')(“g|+g2“*j) 

^(«|-g2-«3) 

P\(g,+g,+g3') 


and 


} 


( 11 ) 


H. 


c, us a, zb 


^(-C^Cj-C.ji, V t (-C, 


P,(C,+C 2 + C 3 ) 
-K 5 (C,-<C 2 -C 3 ) 
-F 5 (-C,+C 2 -C 3 ) 
-^(-q-Cj+Cj) 


F 4 (C,-C 2 -C 3 ) 
K 2 (C,+C 2 + Cj) 
K 3 (-C,~C 2 +C 3 ) 
^(-C.+C.-C,) 


Fiji ~C,— C 2 + Cj) 
K 2 (Cj+C ; -+C 3 ~) 
K 3 (C,-Cj-C 3 ) 


Cj + Cj) 
K 3 ( — C, tC 2 — Cj) 
F 3 (C,-C 2 -C 3 ) 
F : (C,+C 2 + C 3 ) 


( 12 ) 


In the limit this Hamiltonian reduces to the 

Hamiltonian of Ref. 4 for bulk wurtzite material. In the 
limit /V„.=0 it becomes the zinc-bfende Hamiltoni¬ 
an. 3,6 Values of the parameters for this Hamiltonian can 
be taken from Ref. 4 or 3. 

In this work we study electronic structure for superhel- 
jces as large as A f , h +2A' U , = 20; that is, in 40-atom-thick 
superslabs. The dimension of the Hamilton, in matrix at 
each, value of k is 4(2/V„,+4A , li .). because there are four 
orbitals per site. We diagonalize this Hamiltonian nu¬ 
merically for each k, finding its eigenvalues-£ r . k . and, if 
necessary, the projections of the eigenvectors ly.k) on 
the \n,fi;k) hybrid basis: («,/?,kly.k). Here y is the 
band index (and ranges from 1 to 160 for Y /h = 2A'„, = 10) 
and k lies within the superiattice mini-Brillouin zone. 

11, Deep h-vels 

The theory of deep level.* is based on the Green’s- 
function theory of Hjalmarson cl al ., 7 which solves the 
secular equation for the Jeep-level energy £ 


de,t[l-G(£)n- 0 »dct 


x-pfMzSlwv 

J (£-£’) 


(13) 

Here V is the defect potential matrix, 1 which is zero ex¬ 
cept at the defect site and diagonal on that site 
(I / J ,!' /ll l' p , V p ) in the sp i local basis centered on each 
atom. We also have G = (£ -H)~K where H is the host 
tight-binding Hamiltonian operator. The spectral density 
operator is 6l£'-//) and P denotes the principal-value 
integral over all energies. For energies £ in the funda¬ 
mental band gap of the supcriattice, G is real. 

A substitutional point defect in bulk zinc-blende CdS 
has tetrahedral (T d ) point-group symmetry. Each such 
.v-and p-bon.led defect normally has one s-like (.-(,) and 
one triply degenerate /j-like IT- ) deep defect le\el near or 
in the fundamental band gap. If w'e imagine breaking the 
symmetry of bulk zinc-blende CdS by making it into a 
zb-CdS/zb-CdS superlattice along the [111] direction, we 
reduce the T d symmetry to C 3l ,. A substitutional point 
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defect in bulk wurtzite CdS also has C Ju point-group 
symmetry, and so in the zinc-blende-wurtzite superlat¬ 
tice and s- and p-bonded point defect will have C 1( . sym¬ 
metry.as well and will produce two a , levels (one s-like, 
derived from the .f : leve md one 7\-derived p a I:' ■-•). 
and one doubly degenerate v level ( p. like). 

The secular equation, Eq. (13), is reduced by the C 3u 
symmetry to the following two equations: 


= i/-i 


G(e;E)—V p 
for* levels, and 


det : 


|G(s,i;E)k',-i Gis>o\E)V f 
| G(a,s;E)'/. G(a,tj]E)V p -\ 

for a | levels, where we have 


—0 , 


22 

(14) 

(15) 


G(e;£)» ^ \{p y MY>*)-(P:MY\)\'/XE-E yX ), 

vViit 

G(s,s\E)~ 2 l(i.£.kly,k>| 2 /(£—£ rk ) , 

y. k 

G(a,a;E)- J |(p x .)3,k|y,k>+(/> J ,,/?,k|y,k):+(/>../?,k|y,k>| J /3(£—£ y(k ), 

r. k 


and 


G(j,or;£)»2((s,£,k|y,k>]Xf(p Jl ,Ak|y,k)+(p,,/3.k!y,k>(Hp.,£,k|y,k>r/(> / 3(£-£ 1 , ik .)] 


(16) 

(17) 

(18) 

(19) 


Here G(o,s;£) is the Hermitian conjugate of G(s,<7;£) 
and 13 is the site of the defect in the superlattice. 

For "each site 0 the relevant host Green’s functions, 
Eqs. (16)-(19), are evaluated using the special points. 
method, 4 and the secular equations (14) and (IS) are 
solved, yielding E(e\V p ) and two values of £(a,;K,}, 
and £('7|;F f ). The defect potential matrix elements V t 
and V p can be considered as the same as the defect poten¬ 
tial in the zinc-blende structure. 

III. RESULTS AND DISCUSSIONS 

A. Superlattice band structures 

Once the Hamiltonian is defined, the superlattice band 
structure E Ytk is determined by-diagonalizing it for each* 
wave vector k in its Brillouin zone’ (Fig. 2), which is the 
same as the wurtzite Brillouin zone, except that the T-/f 
length is reduced by a factor of 2AN tb + 2NJ. 

Provided the wurtzite structure has the ideal c/a ratio 
c\(8/3) l/: , the bulk zinc-blende, bulk wurtzite, and zinc- 



FIG. 2. The Brillouin zone for the 2X1 zinc- 
blende-wurtzite structure-modulated superlattice. 


r---- ! - 

Iblende-wurtzite superlattice structures are physically in¬ 
distinguishable when viewed only in the growth direction. 
The differences in three structures ’'ecoir.e apparent only 
whc-. viewed along directions deviating from the growth 
axis. Therefore, for wave vectors k corresponding to 
the growth direction, the dispersion relations E„(k) 
and effective masses are the same as for the constituent 
zinc-blende and wurtzite materials! Hence zinc- 
blende-v.urtzite superlattices mads from direct-band-gap 
zinc-blende and (ideal c/a ratio) wurtzite materials are 
also direct-band-gap semiconductors with the same value 
of the fundamental gap at the T point of the Brillouin 
zone as the zinc-blende and the (ideal) wurtzite bulk ma¬ 
terials: 2.60 eV fo* CdS. (Note that c/a for CdS is 1.632, 
only 0.05% different from the ideal ratio of 
(8/3) l/a == 1.633; hence the approximation of an ideal 
structure should introduce only small errors in the band 
structure, of order meV, the same order as found for 
InN. 10 ) The lo-vest superlattice conduction band, as com¬ 
puted in the present model, is displayed for the 2X1 
zinc-blende-wurtzite superlattice,in Fig. 3; correspond¬ 
ing results for the highest valence band are given in Fig. 
4. In the F- A or (11!] direction, the dispersed relations 
£,(k! are the same as for the zinc-blende or the (ideal) 
wurtzite bulk materials, but in the T-Af, or [2, T, Tj 
direction and the T-Af, or [0,1.T], direction the superlat¬ 
tice band nructures deviate slightly from the bulk elec¬ 
tronic structures. 

A quasiparticle’s resistance to acceleration by an ap¬ 
plied electric or magnetic: field is determined by its 
effective mass. In Fig. 5 we display the calculated 
conduction-band and vaience-b.tnd effective masses in the 
T- /f. r-Af, and-T-Af symmetry directions, versus layer 
thickness of the superlattice. In our model, the 
conduction-band effective mass is unchanged in the su¬ 
perlattice, because the lowest conduction band is nonde- 
generate and its effective mass is isotropic for both zinc- 
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Conduction-Band Structure 



FIQ. 3. The calculated lowest conduction-band structures in 
the three symmetry directions, T- A, T-M, and V-K, of the 
2X1 zinc-blende-wurtzite superlattice (solid), bulk zinc-blende 
(dashed), and bulk wurtzite (dot-dashed) CdS. Note that the 
three are the same in the f -A growth direction. 


blende and wurtzite structures. The valence-band mass 
of the superlattice in the F-,4 growth direction is in¬ 
dependent of lever thickness and is the same as in either 
zinc-blende or wurtzite CdS. However;,in the directions 
perpendicular to the growth direction, the valence-band 
masses change from the effective masses of wurtzite to 


Valence-Band Structure 



■'Vave Vector 

FIG. 4. The cal..-uii>t<'J highest valence-band structures in the 
three symmetry direction T- s', T-.W. and r-,V, of the 2XI 
zinc-blende-wurtzi:.* *.;*c.*lat:ice (solid), bulk zinc-blende 
(dashed), and bulk wurtzite (dot-dashed) CtlS. 



ZINC-BLENDE THICKNESS 


FIG. 5. Thej Iculated reduce',- 1 effective masses m */m 0 of 
the valence ana conduction bands of a jV,» X A'„ zinc- 
blende-wurtzite superlattice in th«T- A (solid), T-Af (dashed), 
and T -K (dot-dashed) directions:^ functions of zinc-blende 
layer thickness with A’„ t 2'V* » 20. 

those of zinc-blende. The zinc-blende mass is anisotropic 
(because ti e valence-band maximum is triply degenerate 
and zinc-blende is a cubic structure) while the wurtzite 
mass is isotropic. The isotropy of the wurtzite valence- 
band mass is due to the combined effects of the lower 
symmetry of the wurtzite structure and the ideal c'/a ra¬ 
tio. (For an ideal c/a ratio, the wurtzite valence-band 
maximum is triply degenerate, but for nonideal c/oit is 
nondegenet ate with a doubly degenerate band slightly 
below it.) 

B. Deep impurity levels 
lit zinc-blende-wurtzite s> pcrlattices 

Deep impurity levels are evaluated using Eq. (13) with 
the relevant parts of the spectral density operator 
6 (E'-H) expressed in terms of the Green's function 
(16)—(19), Since these Green’s functions depend on the 
superlattice band structure, which differs only slightly 
trbm the bulk zinc-blende or wurtzite band structures, 
the deep-level energies in the CdS zinc-blende-wurtzite 
superlattice are virtually the same as for the same substi¬ 
tutional impurity in bulk zinc-blende or bulk wurtzite 
CdS." Hence shallow-deep transitions as- the layer 
thicknesses vary l3 ,are not to be expected for impurities in 
zinc-blende-wurtzite superlatticcs. 

C. Long-ranged versus short-ranged order 

Although the bulk zinc-blende and ideal-wurtzite 
structures are very different when viewed at long range, 
their short-ranged orders are both tetrahedral and identi¬ 
cal (up to second-nearest neighbors). This short-ranged 
order leads to electronic structures of the two bulk ma¬ 
terials that are almost identical, and to a zinc- 
blende-wurtzite superlattice electronic structure that is 
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almost the same as the bulk zinc-blende; or wurtzite. elec¬ 
tronic structure. Clearly the short-ranged tetrahedral 
bonding, rather than any, iong-»anged zjncHjlende, wurt- 
zite, or superlattice order, is dominant in dete mining tht" 
electronic structure. While the concept, of a structure- 
modulated superlattice is interesting, and the topology of 
the ambiguous zinc-blende-wurtzite interface is exciting, 
the practical comequences on electronic structure of 
growing such structures seem to be limited to introducing 
small anisotropies into the dispersion relations £j,(k). In 
particular, such.superlattices offer.the possibility of intro- 
duc.ng changes into the valence-band effective mass 
without significantly altering the conductiohrband, mass 
or mass isotropy. 

Finally, we do expect some differences between the 
phonons in zinc-blende-wurtzite superlattices and the 
parent compounds. Although the materials, will be iden¬ 
tical when viewed :along the V-A (growth) direction; as¬ 
suming an ideal c/a ratio, there will nevertheless be 


significant-differences in the long-ranged Coulomb forces 
of zinc-blende and wurtzite structures, which should be 
reflected in the phonon dispersion curves. 

IV. StSlMARY 

The calculations presented here are, we believe, the 
first calculations of the electronic structures of structure- 
modulated semiconductor superlattices. Wc hope that 
this work will stimulate efforts to grow such interesting 
artificial materials. 
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Local-density pseudofunction calculations of local Hg—Te. local- Cd—Te, and a- .-rage bond 
lengths in Hgo.jCd 0 . } Te are reported and compared with data and with other theories. Our results 
agree with extended x-ray-absorption fine-structure data and a phenomenological strain theory 
which show that the perfect compound-crystal bond lengths are virtually conserved in the alloy, but 
conflict with previous theories which predicted /oryebond relaxations away from the average bond 
length. The calculations imply that charge transfer front Cd to Hg is quite small in these alloys. 


I. INTRODUCTION 

Vegard’s law for pseudobinary ternary alloys such as 
Hfii-iCdjTe states that tite average bond length d, VJ U), 
as measured by*x-ray diffraction, varies linearly as ^func¬ 
tion of alloy composition x: 

d, V j(x) —(1 ~X'd H|T«^®^^CdTe^ 1) • 

Here the bond lengths d are related to. the corresponding 
lattice constants a L by a geometrical factor: 

<fU)5*v'3/4a i ,(x). in 1982 Mikkdsen and Boyce* 
showed that the local bond lengths (or nearest-neignbor 
distances! in pseudobinary alloys, as measured by extend¬ 
ed x-ray-absorption.fine-structure (EXAFS) spectroscopy, 
do not obey Vegard’s law, but instead are nearly con¬ 
stant. As applied to Hgj_ x Cd x Te,.the MikkelsemBoyce 
result for the local Hg—Te and Cd—Te bond lengths 
an< * would be 

^CdTe ( *> = ( i-~X)^CdTe*0> + *^CdTe< 11 
and 

where dcdTc 1 ® 1 and d Hj(Tc (l) have the physical interpreta¬ 
tions of a Cd—Te impurity bond length in HgTe and a 
Hg—Te bond length in CdTe. In a firs: approximation, 
these bond lengths are unaffected by the alloy: 

^CdTe (X) & dcdTe ^ 1 
and 

Mil.kelsen and Boyce, who studied 11I-V alh\.s,,did find 
deviations from this first approximation which were 
linear in alloy composition .v, normally with the property 
that the local bond lengths in the alloy -elaxed toward the 
average. This idea, applied to Hg,- x Cd x Te, would have 
both the Hg-.-Te and Cd—Te local bono lengths expand¬ 
ing with increasing .v, because CdTe has a larger lattice 


constant than HgTe. In 1985 and 1987 Sher et al. 2 and 
Hass and Vanderbilt 3 presented theories proposing that 
the local bond lengths relax away from the average in. 
Hg,_ x Cd x Tc. Recently, Newman et a/. 4 have developed 
a phenomenological strain theory for pseudobinary ter¬ 
nary alloys and applied it to III-V alloys. Jn this paper 
we evaluate the theory of Newman et al, for 
Hg]_ x Cd t Te, and find that it predicts very small bond 
relaxations toward the average. 

Thus there is a clear-cut disagreement among the 
theousts concerning both the sign and magnitude of the 
local Hg—Te and Cd—Te bond-length telaxations in 
Hgj-jtCdjTe alloys. On one hand, Sher et al,, 2 using a 
tight-binding theory, and.Hass and Vanderbilt, 3 using a 
norm-conserving pseudopotential-method, have both pre¬ 
dicted that the locaLHg—Te .and Cd—Te bond lengths, 
d HfTt U) and d^(x), (i> are significantly different in the 
x—0.5 alloy (by —0.03 A) from the perfectrcrystal limits 
d H|! T t (0)-2.796 A and 2.806a, and (ii) relun 

away from one another as a function yf alloy composi¬ 
tion. That is, in the alloy we have, according to these 
theories, v) < cf HfTt (C) and <f CuTl .u ) > ^cd T{ ‘ 1 ■. On 
the oner hand, the model of Newman et a!.,* which uses 
a phenomenological strain theory, implies that the bond 
lengths arc almost unchanged in the alloy and relax 
slightly toward one another. The predictions of the New¬ 
man theory are given in Fig.,1. While the conclusion of 
Newman et a!, conforms with the in,unive expectation 
that bond lengths in the alloy should relax toward the 
average, the Newman theory is lacking the essential ele¬ 
ment which Sher et al. and Hass and Va:ideibi!t point to. 
as being responsible for the counterint. itive relaxa.ion, 
namel.v charge transfer in the alloy from Cd to Hg. Such 
charge transfer alters the Coulomb faces between ions 
and -could contract bond^ettgths that would otherwise be 
expected to expand. However, both theories which pro¬ 
pose relaxation aw.-y from the average lane employed 
phenomenological nori-sclf-consistent repulsive potentials 
to simulate the effe.of d and core electrons and to pro¬ 
duce (by construction) the observed *wnd lengths in the 
x-0 and 1 perfect-crystal limits. It is-conceivable that 


41 


7744 


©1990 The America!, Physical Societ) 



41 


THEORY OF LOCAL BOND-LENGTH RELAXATION IN.... 


7745 



FIG. 1. Calculated Hg—Te bond len|ths (squares) ^nd Cd— 
Te bond lengths (pluses) in the Hg|_,Cd,Te family 'of com¬ 
pounds. For x “0 and I, the bond length is that to the zinc- 
blende compound; for r»j, the ordered compound is luzonite 
(L) with three Hg—-Te bonds for every Cd—Te bond, or fama- 
tinite (F) with two long and one short Hg—Te bond(s) for every 
Cd—Te bond. A similar result holds for x ■ {. For x * {, the 
[001]-oriented superlattices (S) and chalcopyrite (C) com¬ 
pounds have equal numbers of Hg—Te and Cd—Te bonds. The 
solid lines are the values to be expected within the alloy, inter¬ 
polated from the crystallite values, as discussed in Ref. 4. The 
dashed lines represent the perfect-crystal bond lengths of Hg— 
Te and Cd—Te, for comparison. (Cd—Te has the larger bond 
length.) 


these phenomenological potentials have obscure unphysi¬ 
cal features which inadvertently produce the large and 
anomalous relaxation of the bond lengths away from the 
average in the alloy. 

On the experimental side, the recent EXAFS data of 
Bunker tt al. s ' 6 indicate that the Hg—Te and Cd—Te 
bond lengths in the Hg^Cd^Te alloy are changed very 
little, if any, from the perfect-crystal values, and appear 
to be consistent with the predictions of Newman et a/., 
but not with those of Sher et al. and Hass and Vander¬ 
bilt. (See Fig. 2). 

On the theoretical side, there is a clear need for a 
local-density-theory calculation 7 accurate enouph to pre¬ 
dict the x“0 and 1 perfect-crystal lattice constants and 
to address the question of bond-length relaxation in the 
-alloys. Such u theory should treat al! of the atom-atom 
interactions sclf-consistently on afirst-principles basis. 

In this paper we present loeal-density-theory 7 calcula¬ 
tions of the bond lengths in the same Hg U-} Cd 0 ? Te micro¬ 
crystal model of the alloy as used by Hass and Vander¬ 
bilt.-' We implement the calculations using the pscu- 
dofunction method. 11 Unlike Hass and Vanderbilt, we 
treat the outermost d-shell electrons of Hg and Cd as 
valence electrons, on the same footing as the bonding a 
and p electrons of Hg, Cd, and Te; thus we have no need 
for a phenomenological potential to simulate the effects 
of d electrons and c; n address directly the controversial 
issue in a completely a priori self-consistent model: Does 
charge transfer lead to major relaxation of the bond 
lengths in the alloy away from the average bond length? 



FIG. 2. Calculated local bond lengths and dar,ix) 

in Hgi-jCdjTe, vs alloy composition x (solid lines), assuming 
straight lines defined by d| 1.10.5), d H( i { (0), </ CdU (0.5), and 
d C4X ,(l). The dashed lines represent the measured perfect- 
crystal bond lengths </h,t,W in HgTe and d C 4 T»U) in CdTe, for 
reference. The EXAFS data are from Ref. 6. The phenomeno¬ 
logical strain theory of Newman tt al. at x “{ is displayed as 
pluses. Note that the present theory and the Newman theory 
are consistent with the data, the theoretical results of Sher 
tt al. and of Hass and Vanderbilt are denoted by squares and 
triangles, respectively. 


II. EVALUATION OF THE NEWMAN THEORY 
FOR Ilgi-jCdjTe 

The Newman theory models the alloy locally at select¬ 
ed compositions x in terms of microcrystallites. For ex¬ 
ample. famatinite and luzonite crystal structures corre¬ 
spond to local alloy compositions x“{ and {. The 
strain energies of these crystal types are expanded to 
second order in the bond elongations and the bond-angle 
distortions, with the coefficients of the expansions deter¬ 
mined by elastic-constant data, similar to a Keating mod¬ 
el. 9 The results of this theory for Hgj_ A Cd^Te are given 
in Fig. 1. Details of the theory can be found in Ref. 4. 

III. CALCULATIONS METHOD 

All of the essential physics of this problem is linear in 
alloy composition x, and so the issues involved can be 
resolved at any single composition we choose (other than 
x*0 or 1). Three natural choices present themselves: 
x “0.5, x — I, and x —0. The latter two choices corre¬ 
spond to the single-impurity limit, where the issue be¬ 
comes “is the bond length of a Hg impurity in CdTe 
significantly smaller than the pcrfect-cryst;! Hg—Tc 
bond length, despite the fact that CdTe ha% a larger lat¬ 
tice constant than HgTe?” or “is the bor.J iength of a Cd 
impurity in HgTe significantly larger Man d CdT „ (1)?' 
However, it is slightly more convenient for us to deter¬ 
mine bond lengths theorem.ally in the ,v“0.5 microcrys¬ 
tal model, which also allows a direct comparison with the 
work of Hass and Vanderbilt and Slier ct al. Hence we 
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consider the bond lengths in Hgo. 5 Cdo. 5 Te, 

Our calculations are based on local-density theory 7 and 
■*;e pseudofunction method . 1 Local-density theory gen¬ 
erally produces reliable changes of total energy, and so 
can be expected.to predict structural properties. Its abili¬ 
ty to pred’ct band gaps and conduction-band structures is 
well known to be suspect, however . 10 The pseudofunc¬ 
tion implementation of local-density theory has worked 
very well for a number of problems in semiconductor 
physics: I: yielded a bond length in bulk Si only 0.5% 
different from the experimental value and a bulk modulus 
and its derivative with respect to pressure very close to 
the experimental ones . 11 It correctly described the 
Curie-constant data , 12 photoemission measurements , 11 
and inverse photoemission spectra 11 of Cd|. x Mn x Te 
semiconducting alloys. And it correctly predicted that a 
monolayer of potassium on the $i( 001 )-( 2 x 1 ) surface 14 
would form metallic chains each with Si—K bond 
lengths of 3.3 A. (Subsequent experiments confirmed the 
predictions that the Si—K bond length is 3.14±0.1 A 
and that the Si—K bond is weak , 11 as is to be expected of 
a metallic chain model.) 

In the present study the outermost d-shell electrons of 
the cations, Hg and Cd, are treated as valence electrons, 
on the same footing as the bonding s and p electrons. The 
remaining cation electrons are treated as a spherically 
symmetric core. The electrons of the Te anions are 
separated into s and p valence electrons and a spherical 
core. The core charge densities of all atoms are obtained 
by solving the Schrodinger equation for the spherical part 
of the total potential; this is repeated each self-consistent 
iteration. The inclusion of ;he core charge densities in 
the iteration procedure is essential for obtaining accurate 
potentials and d bands, since the d orbitals have their 
sharp maxima Jeep in the cure region. That is, a frozen- 
core approximation does net produce adequately accu¬ 
rate potentials and bond lengths. For the Hgo. 5 Cdo. 5 Te 
alloy we use the same microcrystal model as that used by 
Hass and Vanderbilt . 1 Two geometric parameters, a and 
w, are adjusted to obtain the equilibrium lattice constant 
of the alloy, a L , which is obtained from x-ray-diffraction 
data and is a linear interpolation of the lattice constants 
of HgTe and CdTe. We use the same microcrystal unit 
cell for HgTe and CdTe, but fix u so that Te atoms are at 
tetrahedral lattice points. As is usual in recent theoreti¬ 
cal bar.d-structure and total-energy calculations, we u;j 
two special points 1,14 to approximate the integration over 
the first Brillo'iin zone. Relativistic effects, except spin- 
orbit interactions, are included for all atoms. 


IV. RESULTS 
A. HgTe and CdTe crystals 

We determined the zero-temperature, zero-pressure 
lattice constant t of HgTe to be 6.455 A [or 
d H| T t (0)*2.795 A], in comparison with the room- 
temperature experimental value of 6.459 A (Ref. 18) (or 
d H ,T.<0> = 2.797 A). Similarly, the calculated lattice con¬ 
stant of CdTe is 6.496 A [</ C j Tt (l) ! *2.8l3 A], versus 


6.480 A [c/ Cd -j- e {2)==i.S06 A] measured at room tempera¬ 
ture. >s These lattice constants were obtained by fitting 
calculated total energies versus unit-cell volumes to 
Murna"'tan's equation of':tate, ” 

+ const. 

Here, K„ is the equilibrium volume; 5 0 is the bulk 
modulus and B' 0 is its derivative. 

Our calculated derivatives of the hulk moduli B 0 with 
respect to pressure, B' 0 , are in good agreement with avail¬ 
able data, being 6.85 for HgTe and 6.70 for CdTe, versus 
6.4±0.6 measured at room temperature '’ 5 for CdTe. We 
find bulk moduli B 0 of 0.64 and 0.47 Mbar for HgTe and 
CdTe, compared with experimehtal values of 0.42 Mbar 
(at room temperature) (Ref. 21) and 0.4'f Mbar (at 77 K) 
(Ref. 22) for CdTe and 0.43 Mbar (at room temperature) 
for HgTe. Hass and Vanderoilt 1 obtained bulk moduli of 
0.047 and 0.13 Mbar for HgTe and CdTe, using an abini • 
sio method which confined d electrons to their atomic 
cores. We also calculated the zone-center optical-phonon 
frequencies. They are 3.32 and 3.96 THz, respectively, 
for HgTe and CdTe, compared with experimental values 
of 3.64 and 4.20 THz . 21 Our calculations employed 9747 
plane waves to expand the interstitial parts of the basis 
wave functions. For the nonspherical parts of the charge 
densities and potentials, 72557 plane waves were em¬ 
ployed. 

B. Hp„jCdo,jT« alloy 

For the Hass-Vanutrbilt microcrystal model of 
Hgo. 1 Cdo. 5 Te we find an average lattice constant of 6.472 
A (rf JV j“2-802 A), essentially the same as the value ex¬ 
tracted from measurements of HgTe and CdTe, com¬ 
bined with Vegard’s law: d 1V| »0.5d H|Tt (x =0) 
-0.5d CdTf U*l)*2.801 A (or 6.470 A for the lattice 
constant ).* 2 Hass and Vanderbilt 1 also did well in com¬ 
puting the lattice constant, having been off the experi¬ 
mental value by only 0.5% for Hgo. 5 Cdo. 5 fe. However, 
their result was predicted by an adjusted ‘heory that 
treated the d electrons phenomenologically and. by con¬ 
struction, was exact for HgTe and CdTe. In contrast, the 
pseudofunction method described here is a fully a priori 
theory. We compute local bond lengths in the alloy of 

“0.5)-2.795 A and d CdT< (0.5)»2.810 A. The- 
difference d C(1T ,(x »0.5)-d H|Tt (.t *0.5) is 0.015 A, 
close to the experimental difference of 0.01 A in 
^CdTe^ l) “' <^h*t«- 01- The bond-length relaxation parame¬ 
ter f is 

</HgTe-.x -0.5 W CdTt (x »0.5) 
<W** 0 )-<f CUT ,(x-l) 

which is calculated to be <e>0.83. From the EXAFS re¬ 
sults of Pong and Bunker 4 on a number of pseudobinary 
ternary semiconductor alloys, (typically lies in the range 
O. 6 -O. 8 , but for Hg^CdjTe seems to be near unity. 
Hass and Vanderbilt obtained e=3.8 and 3her et al. 
found ** 2 . 
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IV. DISCUSSION 
A. Bond-length relaxation 

The present calculations reduce the uncertainty in the 
calculated a-priori bond lengths in Hg^Cd^Te alloys to 
about 0.01 A from 0.3 A. As a result, our local-density 
theory is consistent with 4he phenomenological strain 
theory of Newman et al, 4 the lattice-constant data, 21 
and the EXAFS data of Bunker et al. i,b Because our 
theory contains physics absent from the models of Sher 
et al and of Hass and Vanderbilt, it implies that the 
theoretical uncertainties in those calculations are of com¬ 
parable magnitude with the changes in bond lengths they 
predict. Thus the large bond-length relaxations away 
from the average are no longer to be expected in 
Hg r _ x Cd x Te, and the apparent discrepancy between 
local-density theory and both the data and Newman’s 
theory is removed. 

We believe that the large uncertainties of the theories 
of Sher e; al and Hass and Vanderbilt are due to their 
introduction of non-self-consistent phenomenological 
repulsive potentials,.a common.feature of both theories. 
These potentials are adjusted to produce the observed lat- 
tic? constants of HgTe and CdTe. (In the Hass- 
Vanderbilt theory, the zone-center optical-phonon fre¬ 
quencies were fitted as well.) It; *he model of Sher et al, 
this phenomenological potential is rooted in Harrison’s 
theory of the total energy 22 and accounts for the repulsive 
interactions between electronic charges. In the H\as- 
Vanderbilt theory, the repulsive potential compensates 
for having confined the d waves to the atomic cores. 
Such a potential may be adequate for the perfect crystals 
where all atoms occupy perfectly tetrahedral sites, but it 
should be regarded with suspicion in alloys—especially 
for calculations of bond lengths of four-digit accuracy. 
We believe that our approach, with an a priori self- 
consistent potential, is preferable for calculations requir¬ 
ing accurate bond lengths. 

B. Charge transfer 

The anomalous bond-length relaxation found by Sher 
et al and by Hass and Vanderbilt was attributed by them 
to electronic charge transfer from Cd to Hg, which pur¬ 
portedly destabilizes the Hg—Te bord. 

We have calculated the charges inside muffin-tin 
spheres of radius 1.4 A for cations in HgTe, CdTe, and 
Hgo.jCdi, jTe, and find them all to be the same, within 
0.001 electron. The charge in a Te mufrin-tin sphere of 
Hgo.jCd 0i5 Te is the same as the average for HgTe a.id 


CdTe, to within 0.001 electron. [The Te charge in CdTe 
is slightly larger than in HgTe, due to the larger ■.Pauling) 
ionicity of CdTe.] Thus, (i) the ionic charges-.are deter¬ 
mined primarily by nearest-neighboring bonding, (ii) a 
virtual-crystal model of the Hg,«j,Cd A Te electronic 
structure is appropriate for the uppermost valence and 
the lowest'conduction bands, 24 and >iii) we find no evi¬ 
dence of anomalous or large charge transfer in the 
Hg|_ x Cd,Te alloy. (Wei et al reach a qualitatively 
similar conclusion. 22 ) 

In summary, we believe that the extra self-consistency 
of our calculations, compared with previous onesjimits 
the charge transfer to 0.001 electron. Furthermore, the 
proper treatment of d electrons, their orbitals, and their 
hybridization with s and p valence electrons is an impor¬ 
tant feature of our approach. These two featuies com¬ 
bine to reduce the theoretical uncertainty for our local- 
density calculations and to provide a modicum of 
justification for theories such as that of Newnian et al 
which neglect charge transfer and consider only internal 
strains for computing bond lengths in alloys. 


V. CONCLUSIONS 

Our ab initio pseudofunction total-energy calculations, 
which treat the d electrons of Hg and Cd atoms self- 
consistently and on the same foot!* r as valence s and p 
electrons, are able to obtain the H:—Te and Cd—Te 
bond lengths in HgTe, CdTe, and Hg., <Cd 0 J Te accurate¬ 
ly to within a few tenths of a percent. Our results show 
that, to a good approximation, the Hg—Te and Cd—Te 
bond lengths are constant in Hg,_ x Cd»le alloys, and 
that any bond-length relaxation is very sn.. !1 indeed. 

A muffin-tin charge transfer analysis shows that charge 
transfer from Cd atoms to Hg atoms in Hg 0 5 Cd 0 } Te is 
insignificant, about 0.001 electron. Within the applicabil¬ 
ity of the micro-crystal model for Hg,_ v Cd v Te alloys, 
our results indicate that the properties of the nearest- 
neighbor bonding of the limiting crystals HgTe and CdTe 
are virtually preserved in these semif.;ondiicting alloys. 
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The anomalous Curie-constant data for Cd^. x Mn x Te alloys are explained in terms 
of spin-polarization of the valence band < and p states by Mn. The theory, which is 
based on an a priori spin-unrestricted pseudofunction local-density approximation, 
illustrates the consequences of Hund’s first rule in solids. 


1. Introduction 

Recent magnetic susceptibility measurements of zinc- 
blende Cdj. x Mn x Te alloys revealed Curie-law behavior, 
but with anomalous Curie constants that did not fol¬ 
low the expected dependrnce on alloy composition x for 
x>0.4 (1). 

C « A x S(S+1). (1) 

Here A is a constant and S is the spin of the Mn ion, 
which is 5/2 for the free Mn+^ i on ; n the (Jd)5 con¬ 
figuration, according to Hund’s first rule (2j. For small 
Mn concentration x, Spalck et al. found the .expected 
behavior, C=*AxS(S+l), with a spin almost equal to the 
free-ion value, S = 2.47 ± 0.05. for Cdj. x Mn x Te. How¬ 
ever, the Curie constants increased above their expected 
linear dependence on x for high Mn concentrations. 

2. Effective-spin and Hund’s first rule 

In this paper, we shall present calculations which 
explain the anomalous super-linear x-dependence of 
the Curie constants of Cdj. x Mn x Te in terms of spin- 
polarization of the valence bands by Mn. We shall write 
the Curie constant as 

C = A x S(x) [S(x)+lj, (2) 

where we have the effective-spin 

S(x) = (5/2) + q(x)/2. (3) 


The valence-band spin-polarization function q(x) can be 
interpreted as the number of additional spins, beyond 
the five spins associated with the d-electrens. in the 
vicinity of a Mn nucleus of zinc-blende Cd].,.'ln x Te. 
Note that zinc-blende Cdj_ x Mn x .Te has not beet, grown 
for x > 0.7 (1), but extrapolation to x=*l (hypotheti¬ 
cal MnTe) of a least-squares fit of Spalck's data pro¬ 
duces an experimental value » 7 ex P(x*»I) * 1.2. More¬ 
over hexagonal, NiAs-structure MnTe exists with a mea¬ 
sured spin-polarization function of m 0.16 

[3). (The smaller value of rj may be attributed to 
the larger Mn-Te separation, 2.91 A in the NiAs crys¬ 
tal structure, versus 2.73 A in the zinc-blende struc¬ 
ture.) Hence both hexagonal and hypothetical zinc- 
blende MnTe have “extra" electronic spins at each Mn 
site than can come from Mn d-clsctrons. Clearly this 
spin must be usociated with spin-polariz-d » and p va¬ 
lence electrons. While there exist other calculations of 
the electronic structure of MnTe (4-7), io our knowledge 
none of those calculations have produced the significant 
spin-polarizatio*; necessary to explain the susceptibility 
and Curie-constant data. 

In this paper, we report such a calculation, based on 
the local-density approximation [S] as implemented with 
the pseudofuuction method [9j, which we have mod¬ 
ified to handle spin-polarization. The h.-sie physical 
idea underlying the calculation is Hund’s first rule (2J: 
A Mn atom in Cdj. x Mn x Tc wil* adopt a ground state 
that maximizes its total spin S(\). Although this rule 
strictly applies only to free magnetic atoms, it must 
have an analogue in solids. With this in mind, we 
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have developed our local-density theory with a spin- 
dependent basis set that naturnlly allows hypothetical 
sine-blende MnTe to adopt a lowest-energy antiforro- 
magnetic ground state of arbitrary spin-polarization in 
eaeh.atomtc cell. 

Neutral atomic bln adopts a ((V-*D( ) ground- 

state configuration, with its shell being closed and 
spinless. The Si electrons of atomic Mn all have parallel 
spins, according to Hund's first rule: maximizing the to¬ 
tal spin requires a highly symmetrized spin state, and an 
orbital wave function that minimizes the electrons’ mu¬ 
tual Coulomb repulsion [2]. A similar correlation effect 
exists in solids, although the electronic configuration is 
more complicated due to coupling between atoms: the 
dominant configuration in zinc-blende MnTe (lb,11] is 

W) 5 U4)U?T). 

In atomic Mn the spin-7/2 (^dt)^(/ J l)(/pT] configu¬ 
ration lies at too high an energy* relative to the spin-5/2 
(5d( )(/s)- configuration, and so does not contribute ap¬ 
preciably to the ground state, even though it has a larger 
spin. But in condensed matter this large-spin configu¬ 
ration has to be considered for the ground state because 
the energy necessary to transfer an s valence electron to 
a p-state is small. (This is analogous to the case of C, 
which assumes the atomic ground-state 

configuration., but finds a lower energy in condensed 
matter by firming tp^ bonds from the (fs)2(f,\';fp)3 
configuration.) In fact, the ground state of Mn in MnTe 
is a linear combination of configurations, including-the 
spin-polarized configuration (5dT) 5 UsT)(-f?T) and the 
closed-shell configuration as well as others. 

Our calculations show that such a spin-polarized state 
has a lower total energy, as expected from Hund's first 
rule. 

3. Method of calculation 

We use the pseudofunction method [9] together with 
local spin-density theory (S) to compute the electronic 
structure and ground state energy* of zinc-blende MnTe, 
Cdo. 5 Mno. 5 Te, and Cdo. 75 Mno. 25 Te. This method 
has correctly predicted the 0.5 Bohr magneton'spin- 
saturation magnetization of Ni (12] and has been ap¬ 
plied successfully to a number of problems concerning 
non-magnetic semiconductors (13,14]. 

Using a unit cell containing two Mn atoms and two Te 
atoms (4] to d-tcribe MnTe, wo considered ! '<>th antifer¬ 
romagnetic (AF) and ferromagnetic (F) phases of Mn, 
by aligning the spins on nearest-neighbor Mu ions either 
antiparallel (AF) or parallel (F). Our total-energy cal¬ 
culations favored the (known) AF giound state bv 0.17 
eV/molecule, with a Mn-Te bond length of 2.G3 A (as 
compared with the experimental value of 2.73 A (4,15]), 
an indication that the calculations had adequately con¬ 
verged to orrect physics [10,17]. The resulting conduc¬ 
tion bands, when projected onto a particular Mn site, 
were highly spin-j>o!ari.vd. a result that we lia.l not an¬ 
ticipated. 

We repeated the calculations for Cdfl.jMi i. and 
^0.7J>^ n Q. 25^*1 using the standard perodn micro¬ 


crystal models: an eight-atom unit cell with the ( 001 )- 
superlattice structure and a sixteen-atom unit cell with 
the luzonite structure, respectively (14,18). 

4. Results 

By summing the net spin-density of the localized 
p , and i orbitals centered on a Mu atom, wc deter¬ 
mined the valence-band spin polarization: r?(l) = 1.30, 
q(0.5) = 0.36, and q(0.25) = 0.04. The minority-spin 
cf-electruns actually contribute a small negative amount 
to i?(x). 

Wc compare the results of our a priori calculations 
for the spin S(x' in a Mn cel! with data in Fig. 1 . The 
smooth line for S(x) is obtained by fitting to a parabola 
the calculated spin S(x) for three values of x: x=l, 0.5, 
and 0.25. The resulting parabola is S(x)=$Q+ax+bx2, 
with Sq= 2.41, a=0.34, and b= 0 .n 0 . Nolr. the excellent 
agreement 1 between the a prior^theory at d :he data. 

Initially our studies of MnTe and Cdy. x Mn x Te were 
motivated not by a desire to understand magnetic sus¬ 
ceptibility and Curie-constant data but by photoemis- 
sion experiments [10,11]. Our spin-unpolarized calcula¬ 
tions produced density of states spectral features, for the 
d-bands in particular, that agreed with previous theo¬ 
ries [4-7] but disagreed with the data by typically > 
leV. The introduction of spin-polarization produced (i) 
d-related photoemission peaks 3.5. 1 C. and 0.S eV below 
the valence band maximum (in agreement with the data 
[ 10 , 11 ]), (ii) inverse photoemission spectra with the rel¬ 
ative positions of p. and i features in agreement with 
the data [ 10 , 11 ], and (iii) tripiy-peaked Tc 5s partial 
densities of states induced by spin-polarization, again 



Fig. 1. Effective total spin S(x) of a Mn atom in zinc- 
blende C<!;. x Mn.vTc versus Mn concentration x. The 
solid line is the parabolic interpolation of the a priori 
calculations for x=l/4, x=l/2, and x=l (solid trian¬ 
gles). Tiie circles urc cxtractcJ from Curie-constant 
data [ 1 ; 
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in agreement with the data (10,11). Thus the theoret¬ 
ical framework developed to explain the spectroscopic 
data explains the magnetic properties of these materials 
as well, 

One might ask why the present theory produces 
such dramatic spin-polarization effects when other local- 
density theories have not. We beiieve that the difference 
in theories ultimately is traceable to the basis sets. The 
pseudofunction basis allows one to obtain a Hund’s-rule- 
like ground state because the basis contains realistic lo¬ 
calized spin-unrestricted states. Plane-wave basis sets 
emphasize the 'uterstitial regions of a crystal, and so, 
many plane waves are required to describe a localized 
(/•function. To test our hypothesis that the difference in 
the results of the pseudofunction and plane-wave meth¬ 
ods is attributable to the basis sets, we restricted our 
basis orbitals to be the same for spin-up and spin-down 
electrons. As expected, wc reproduced the principal d- 
band feature at -2.4 eV below the valence band maxi¬ 
mum found in previous plane-wave implementations of 
local-density theory (4.5); this feature lies «1 eV lower 
in our unrestricted pscudofunction calculation and in 
the data. Hence we concluded that charge transfer 
involving orbitals with different spins is important in 


Cdj. x Mn x Te and that such charge transfer, since it in¬ 
volves localized d-states, is better handled in a pseudo¬ 
function basis than in a plane-wave basis: The pscudo¬ 
function method handles the spin-polarization and the 
physics of Hund’s first rule in a natural, transparent 
way. 

!>. Conclusion 

The anomalous non-linear-in-x Curie constants of 
Cdj. x Mti x Te alloys are attributed to spin-polarization 
of the valence, electrons by the Mn. The amount of 
valence spin-polarization is correctly predicted by a pri¬ 
ori spin-polarized pseudofunctiou local-density theory. 
This theory also correctly predated that the ground 
state of MnTe is antiferromagnetic and removed a num¬ 
ber of significant discrepancies between previous theo¬ 
ries and photoemission and inverse photoemission spec¬ 
tra. 
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The new magnetotransport and magneto-optical properties.of the semimagnetic Cd, _ x Mn,Tc 
semiconductor alloy series depend critically on the nature of the Mn-derived d states. We examine 
here the electronic structure of these alloys with a combination of inverse photoemission 
spectroscopy, core-level photocmission line-shape .analysis, valence-band resonant 
photoemission, and local density pseudofunction theory. The spectroscopic data reflect the local 
Mn-Te coordination and are in remarkable agheement with our one-electron calculations. We,see 
no evidence of Mn-derived d states in the gap, and observe an experimental d \-d\ exchange 
splitting of 8.4 + 0.4 eV, i.e., almost twice as large as expected from earlier theoretical estimates. 

The ground-state configuration of Mn in the solid is primarily {d 1 )(st)(/?t), and the super- 
exchange interaction has an important role in determining the stability of such a configuration 
relative to;(cf t ) 5 r. 


I. INTRODUCTION 

Ternary semimagnetic semiconductors 1-1-1 are alloys in 
which magnetic atoms such as Mn randomly replace some of 
the cations in a II—VI semiconductor lattice. The new phe¬ 
nomena that this class of materials bring to semiconductor 
science stem from the spin-spin exchange and super-ex¬ 
change interactions' 1-14 that involve the magnetic moments 
localized on the substitutional magnetic impurity, and the 
band and impurity states of the II—VI host." Such interac¬ 
tions result in large g factors, giant magnetoresistance, large 
values of the Faraday rotations, and novel magnetotransport 
and magneto-optical properties. 11 

Critical parameters to model and understand the proper¬ 
ties of these materials are the ground-state energy of the Mn 
3 d 5 configuration, the 3 d hybridization with anion-derived p 
states, the Coulombvcorrelation energy of the Mn 3 d elec¬ 
trons. and the magnitude of the super-exchange interaction. 
Gunnarsson et alJ' recently pointed out ,*i a stimulating 
paper the d.faculties involved in cal: dating ab initio 

the renormalized Coulomb integrals in Anderson’s Hamil¬ 
tonian for tr." •.onmetalli- systems of interest here. Experi¬ 
ment has to piovtde the electronic information indispensable 
to model the properties of these materials and test the theo¬ 
retical approximations. 

In this paper we examine the prototypical Cd, _ v Mn.Te 
alloy syst; - a. We have described in a recent review 1 the con¬ 
troversy that surrounds the position and character of the d 
states in this system and emphasized how inverse photoemis¬ 
sion may provide a crucial test of the calculations of the 
Coulomb interaction by sampling the density of unoccupied 
electron states above the Fermi level E r . Here we present 
what is, to our knowledge, the fir: investigation of the excit¬ 


ed electron states of a semimagnetic semiconductor by 
means of inverse photoemission spectroscopy. We also ex¬ 
tend earlier photocmission spectroscopy studies of the elec¬ 
tronic structure, and interpret the data in the light of new 
self-consistent local-density pseudofimetion calculations for 
zinc-blende MnTe. Our results.fote'e a critical reevaiuation 
of many current ideas about the electronic configuration of 
Mn, the magnitude of electron-electron correlation, ••ud the 
validity of the one-electron approximation in ternary ^mi- 
magnetic semiconductors. A short summary of selected re¬ 
sults has been reported earlier. *" 

II. EXPERIMENTAL DETAILS 

The crystals used in the present studies were grown at 
Purdue University through a modeled Bridgman method, 
and characterized through x-ray diffraction and x-ray mi¬ 
croprobe analysis as to crystallographic pitas*. - .:nd Mn con¬ 
tent. All results were obtained on single-pints;., single crys¬ 
tals cleaved in si::: (a - — 0, 0.20. 0.35, (* 45 and 0.60) in a 
suitable speedometer at operating p arcs of abou. 
~*5>: 10' 11 Torr. The data summarized heio have been ob¬ 
tained from a number of cleavage -ur faces of .ariable quali¬ 
ty. ranging front highly disordered to fiat tmrrorlike sur¬ 
faces. The data appear independent of cleave quality and 
provide information on the bulk electronic structure. 

Inverse photocmission measurements were performed di¬ 
recting a col'imated monochromatic electron beam at the 
cleaved surface and monochromatizing the emitted photons 
with a 0.5-in Rowland -. rcle monochromator *• itit a quartz 
grating and a rmcroehaunelpiate detector. 17 The combina¬ 
tion of the monochromator and a self-supporting A' filter 
allowed only photons with cne r gy /:•• = 1486,6 eV to reach 
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'the detector. The energy of the emitted photons is deter¬ 
mined by the radiative decay of the incoming electrons from 
initial-state energies £, of the solid to final empty states at 
energy E f {hv — E, - E f ). The final-state energies were 
scanned by varying the accelerating voltage of the Pierce- 
type electron gun while keeping constant the monochroma¬ 
tor pass energy. The resulting spectra provide information 
on the total density of final states E f weighted by an optical 
emission cross section that is a time-reversed photoemission 
cross section. This experimental technique has historically 
been termed bremsstrahlung isochromat spectro¬ 
scopy '"(BIS) and is finding application in the analysis of the 
excited electron states of metals, semiconductors, and solid 
surfaces. 19 The overall energy resolution of the spectrometer 
was ~0.7 eV, as determined from the experimental width of 
the Fermi level cutoff in the BIS spectra from Mn or Au 
thick films evaporated in situ on the sample. 

Photoemission measurements were performed tat the 
Synchrotron Radiation Center of the University ofWiscon- 
sin-Madison. Monochromatic synchrotron radiation ob¬ 
tained using a 3-m toroidal grating monochromator and the 
800-MeV electron storage ring Aladdin was focused on the 
sample at an angle of ~45* from the sample normal. Angu¬ 
lar integrated photoelectron energy distribution curves 
(EDO’s) were obtained for 4C^<Av< 120 eV by means of a 
commercial hemispherical energy analyzer. The overall en¬ 
ergy resolution (0.15-0.45 eV) and the position of the Fermi 
level were measured with the same method employed in the 
BIS experiment. 

III. RESULTS AND DISCUSSION 
A. Valence band 

The use of synchrotron radiation photoemission allows 
one to choose photon energies in the region of the Mn 
3p—3d transition and examine the Mn 3 d contribution to 
the valence bands. Resonant photoemission at the Mn 3p-3d 
threshold yields a characteristic enhancement of the 3d cross 
section at resonance (50 eV) versus antiresonance (47 eV) 
that reflects the quantum-mechanical equivalence of differ¬ 
ent processes leading from the ground state to the same final 
state. We pioneered the use of this method to examine ter¬ 
nary semimagnetic semiconductors, 2 " and more recently the 
same method has been applied by us and by other authors to 
Cd, _,,Mn J ,Te. 4,,i,! ' One process is the direct excitation: 

3p h 3d s 4(jp) : + hv—3p*'3d*A(sp) 2 ef. 

The second process involves a 3 p core excitation and a super 
Coster-Kronig decay: 

3p*3d s A(sp) 2 + At*— 3p > 3d*‘4(sp) s —3p*'3d*{sp) 2 if. 

The interference of the two processes yields a characteristic 
Fano line shape in the overall excitation cross section. 

Two methods used to analyze the 3d contribution to the 
valence density of states (DOS) involve ternary-binary va¬ 
lence-band EDO difference curves' and resonance-antire¬ 
sonance EDC difference curves. 4 In Fig. 1(a) we show an 
application of the first method to a Cd„.j«Mn l , 4 «,Te alloy. 
Spect:a for the ternary alloy and for CdTe at :v.onance 
(Av = 50 eV) have been normalized to the integrated inten- 



Fio. 1. (a) Ternary-binary difference curve for the valcnce-band emis¬ 
sion of Cd,,.. Mn,,,,Te-CdTe at the Mn ip-id resonance (/tv* 50 eV). 

(b) Resonj.i-.c-antiresonance difference curve {kv » 50 and 47 eV) for 
Cd,,,, Mn,,,. Tc emphasizing the Mn id contribution to the valence band. 

(c) Resonance-antircsonsnce difference curve (Ae=* SO am? 47 eV) for 
Cd„ M ,Mn,, ? ,Te. (d) Theoretical /.projected density of stai.- showing the 
Mn id character in antiferromagnetic zinc-blcnde MnTc. The ground 
state corresponds to a Mn configuration close to (d •)'(»!)( />t) (—). 
Broadening with a Gaussian instrumental win.:’ » function (• • •) facili¬ 
tates comparison with experiment, (c) Mn id character in antiferromag- 
netic zinc-blcnde MnTe for the (41 ) V configuration (f) Configuration 
interaction calculations of the photoemission final states for a MnTe?' 
cluster, from Ref. 4. 


sky of the Cd Ad cores scaled by a ( 1 — x) factor derived 
from x-ray microprobe analysis, and subtracted ftom each 
other. The binding energies in rig. 1(a) are referred to the 
top of the valence-band maximum £,. us der: cd from a lin¬ 
ear extrapolation of the valence-band edge. The dip in the 9- 
11 eV region reflects the variation in the absolute intensity of 
the Cd Ad emission going from the ternary alloy to the bina¬ 
ry. We did not perform a subtraction of the seeonJar; back¬ 
ground since sue 1, a process yield* arbitrary variati''!' is the 
relative intensity of the features in the 0-9 eV range. It. Figs. 
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l(b)«and ; H.c) \ve >;;uw applications o/ reso .tnce-antire- 
sonance difference curve method to Gd (l5 ,Mn l)4 ,Te arid 
Cdji WI Mri 0 .joTe samples, respectively. Such spectra have 
been obtained from EDO's at resonance Utv— 50 eV) and 
antiresonance (/»■ - 47 cV) after normalization of the spec¬ 
tra to the integrated Cd 4r/ intensity. Such a nv-rmalization 
dues not take into account the variation with photon.energy 
of the Cd 4rf;ind of the Te 5.r emission. both present in the 9- 
11 eV binding-energy range, or the small modulation in the 
relative intensity of the Cd 4rf.surface/bulk components, or 
the varying experimental resolution, which produce features 
in the difference curves in the 9.5—12 eV binding-energy 
range. 

The different criteria for normalization notwithstanding, 
Figs. 1 (a)-l (c) are remarkably consistent. The Mn .V/ con¬ 
tribution gives rise to a dominant emission feature 3;5 eV 
below a smaller low-binding-energy shoulder in the 0-2 
eV range, and a broad satellite in the 6-9 range. Tk? results- 
ol'Figs. l(b)and 1(c) are in agreement with those of Refs. 4 
and 21. and similar to what has been found for the selenide 
and sulfide series. 4 '" The lack of an important concentration 
dependence of the Mn Id features suggests that they mostly 
reflect the constant Mn-Te bonding situation. 4,21 

Previous local density functional and tight-binding calcu¬ 
lations of the.3rf contribution to the valence states 6,7 ' 22,24 for 
MnTe and Cd, _ A Mu ,Te alloys showed only limited agree¬ 
ment with photoemission results. This, together with the in¬ 
terpretation of optical data, 2 suggested that large final-state 
effects might be present, and stimulated the introduction of 
the configuration interaction cluster model by Fujimori and 
co-workers. 4 This semiempirhal model can address the 
screening of the>3rf hole, but cannot incorporate directly Mn. 
3d-Te 5/7 hybridization effects in the initial state. We have 
performed new spin-unrestricted local-density calculations 
of the band structure of antiferromagnetic zinc'blende 
MnTe. Recent extended x-ray absorption fine-structure 
(EXAFS) studies’indicate that such ^hypothetical com¬ 
pound should reflect the same Mn-Ts local coordination 
found in the ternary alloys. The lack of a strong compo-.kion 
dependence in the results of Fig. 1 suggests that the 3 d con¬ 
tribution to the electronic structure should also be relatively 
similar in the ternary alloy and in the binary parent com¬ 
pound. 

Our electronic structure calculations employed a spin-un¬ 
restricted '--space pseudofunction method in the local den¬ 
sity approximation. Details on the method and a complete 
discussion ol the results will be given in a longer forthcoming 
paper. 25 We found that the ground state of system is an anti¬ 
ferromagnetic phase of MnTe where the Mn atomic configu¬ 
ration is close to (d , ;(sf)( p\), as predicted by Hund’s 
rule. Relative to the customary (d t) 5 (j) 2 state, the spin 
maximization enhances the super-exchange interaction and 
modifies the Mn V/ and Ter binding energies. We show in 
Fig. 1(d) the prelected •d density of states for the ground 
state of MnTe (solid line). We also show (dashed line) the 
same results convoluted with a Gaussian (cr = 0.30 eV) to 
account for the effect of the experimental energy resolution. 
The agreement between theory and experiment is remark¬ 
able. If we focus on Fig. 1(a), i.e., on the spectrum obtained 


with the more accurate ternary/binary normalization prpee- 
dure. jrf features are observed at 0.7,1;6, and 3.5 eV. Corre¬ 
spondingly. the one-electron calculations forecast 3J fea¬ 
tures ;-t <).$. 1.6. and 3.5 eV (Fig; l(c<V). Only the broad 
satellite ih the 6-9 eV range is not accounted for in the calcu¬ 
lations;. 

To examine the importance of the Mn electronic configu¬ 
ration and of the resulting additional spin polarization of 
valence and conduction bands, we calculated a MnTe elec¬ 
tronic structure in which restriction of the basis-set and-spin 
polarizatiomyiclded a Mn ground-state electron configura¬ 
tion closer to (d'O f (s! ){$j);with some contribution from 
the (d t) f (st)(pl), (d f) # ($i)( p\), and,(J \?lp\Upl) 
configurations. The resulting Mn 3 d character is shown- in 
Fig, 1(e). The results of Fig. 1(e) are similar to those of 
previous calculations. 6,7 whicn forecast a major 3 V feature at 
2.4 eV that is not observed experimentally. The discrepancy 
between our results for the ground state and those of earlier 
calculations will be discussed in detail in a forthcoming pa¬ 
per. but we anticipate hereithat the increased total spin in our 
results allows a simple explanation of the anomalous Curie 
temperature observed in Cd, _ ,Mn,Te alloys. 26 

The origin of the 6-9 eV satellite is, in our opinion, still 
controversial. Only the calculations by Fujimori 4 provide 
structure in this.spectral region. In Fig. 1(f) we plot the 
result of the configuration interaction calculation for a 
MnTeJ ‘ cluster from Ref. 4. The multiple! lines derive from 
d 4 and d *JL final-state components, corresponding to an un¬ 
screened 3 d hole or to a 3 d hole screened by charge: i ansfer 
from a Te 5p-derived ligand orbital L (tr or or) to a d orbital 
(e„ or f- v ). Comparison of Fig. 1(f) with Figs. I.a)-l(c) 
shows good agreement, and, in fact, the addition of lifetime 
and experimental broadening 4 yields a perfect reproduction 
of the experimental results ofFigs. l(b)and 1(c). However, 
the model of Ref. 4 is semiempirical, in the senst that the 
energy differences between the Aral-state configurations and 
the lifetime parameters in Fig. 1(f) are not known a priori, 
but are fixed through comparison with experiment. 

The cluster model does forecast a 6-9 eV satellite mostly 
due to the unscreened d* final state. It is not clear, however, 
why an unscreened satellite of this kind would exhibit a rela¬ 
tive intensity increasing with Mn concentration, as observed 
in Fig. 1 and in a recent study of the electronic structure of 
metastable Cd| _ ,Mn,Te alloys formed in a wide range of 
composition through reaction of Mn thin film with 
CdTe( 110). We find that the intensity of the satellite relative 
to the main Mn 3 d 3.5-eV iaturc increases as C-.x, with 
C = 0.50 + 0.05 in the composition range explored (0 
<x < 0.95). 27 At this stage the specific origin of the satellite 
remains to be ascertained, although one can state in general 
that in a band structure picture the 0.6-. I.3-. and 3.5-eV 
features, should be assigned to a fully screened one-electron 
final state while the 6-9 eV features should be associated 
with a multielectron satellite analogous to the one observed 
at about the same energy in Mn0 2!i and Ni0. 2s 

B. Core level deconvolution 

Anotlier crucial test of first principle calculations for ter¬ 
nary semimagnetic semiconductors appears the influence of 
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Fig. 2. (a) EDC’s for the Cd4dandTe5z emission from Cd^Mn^Te 
(x m 0, 0.20, 0.45, and 0.60) at hv = 60 eV for all samples except 
Cdo 4 oMn OM Te (Av* 57 eV). (b) Least- square St (—) of the experi¬ 
mental EDC for CdTe (•) in the 7-13 eV range. Two Cd 4 d doublet 
shifted 0.66 eV from each other reflect surface and bulk Ad components, 
(c) Te 5s contribution to the EDC for CdTe in Figs. 2(a)—2(b) after 
subtraction of the Cd *d contribution from the overall spectrum (A). For 
comparison we show the result of a least-squares fit in terms of a Lorent- 
zial function convoluted with a Gaussian (—). (d) Te 5scontribution to 
the EDC for CiI.i,.,Mn 0 „,Te in Fig. 2(a). after sit traction of the Cd Ad 
contribution from the overall spectrum, c) Te 5s contribution to the 
EDCfor\jd 0 ,Mn 0 ,Tcin Fig. 2(a), after ..-.traction of the Cd4<f contri¬ 
bution from the overall spectrum, (ft Calculated Te 5s line shape for the 
(d l)*(*■)( pi) (—)and (d 1 )V (• • •) configuration of Mn in antiferro¬ 
magnetic zinc-blende MnTc. 


super-exchange on the Te 5s states. Comparison of pur cal¬ 
culations with arid without fuH spin polarization, shows ma- 
jordifferences in the predicted Te 5s line shape. The results 
are.shown in the bottom-most section of Fig. 2. For the re¬ 
duced spin polarization in the (d 1 )Y*case (dashed line), 
theory predicts a single Tc Ss feature located some 11.5 eV 
below with a bandwidth of —0.5 eV. When the sp polar- 
ization.is correctly taken into account (solid line) theory 
predicts a 5s band some 1.5 eV wide, shifted to higher bind¬ 
ing energy and exhibiting structure at 12.7, 13.2, and 13.6. 
The polarization of the Mn sp electrons in our results yields a 
larger super-exchange interaction and a corresponding in¬ 
crease in dispersion and binding eneigy of the Te 5s states. 
This effect contributes substantially to stabilize the Mn 
(dt) 5 (st)(/?t) ground-state configuration. 35 As was the 
case for the DOS, the results of earlier calculations 6,7,33,3 ' 1 are 
similar to those we obtained for a {d: ) 5 r-like configuration 
for Mn in MnTe. 

The Te 5s line-shape characteristic of the spin-polarized 
(d t) 5 (st)(pt) ground-state configuration appears to be 
the.one we observe, although comparison with experiment is 
complicated by the partial superposition ofTc 5s and Cd 4 d 
states in the photoemission spectra. In Figs. 2(a) and 2(b) 
we show photoemission spectra in the 9-13 eV binding ener¬ 
gy region for Cd, _ x Mn x Te.alloys with x = 0, 0.20, 0.45, 
and 0.60 and hv — 60 eV (57 eV for Cd 040 Mn„, 0 Te). The 
spectra have been normalized to the integrated intensity, of 
the Cd 4 d cores scaled by the Cd concentration (1 —x) as 
determined from x-ray microprobe analysis, The experimen¬ 
tal EDC’s in Fig. 2(a) show a bred low-binding-energy 
shoulder at —9.35 eV that reflects the Te 5s emission and 
exhibits a complex dependence on the Mn content x of the 
alloy. In Fig. 2(b) we show a deconvolution of the Cd 4 d 
contribution in CdTe. A least-squares fit (solid line) to the 
experimental EDC (solid circles) was obtained in terms of 
two 4 d doublets (dashed lines) shifted 0.65 relative to each 
other. The high-binding-energy doublet was recently ob¬ 
served by John et air 9 and associated with a surface shift of 
the 4 d line. John et air 9 associated the Te 5s feature with a 
second Cd 4 d surface component shifted in the opposite di¬ 
rection. Although this suggestion and the arguments pro¬ 
vided to support it are quite ingenious, the Te 5s feature 
exhibits a cross section markedly, different from that of the 
two Cd 4 d doublets, a lack of escape depth . .".itivity that 
rules out a surface-related character, and an x dependence in. 
the ternary alloy that rules out a Cd-rclated origin. 30 

In the fitting procedure of Fig. 2(b) each Ad doublet was 
obtained through convolution of Lorentz.an line shapes with 
a Gaussian function to account for the experimental resolu¬ 
tion. Binding energy, width, intensity, branching ratio, and 
spin-orbit splitting of the doublets were ad determined by 
the least-squares fitting program, and are in good agreement, 
within experimental uncertainty,’ 1 with those derived by 
John ft air 9 The two Ad doublets obtained were then sub¬ 
tracted from the overall EDC tr isolate the Te 5s contribu¬ 
tion. shown in Fig. 2(c) (solid triangles). The experimental 
Te 5.r contribution in the binary compound is compcllingly 
similar to the one predicted by theory fb; the low spin polar¬ 
ization, low super-exchange (d t) V case, showing a single 


I 


J 

1 


i 




J. Vac. Scl. Tachnol. A. Vol. 7, No. 3, May/Jun 1989 









W*H ttt!.-. InvcrM piiotoemitrion »n<: r**onr • w v-emission characterisation 


MO 


emission:Mature centered ;.>nte 9.35 eV below E,. (theory: 
i i.5 eV). It'we now use th .* sitting parameters obtained tor 
CdTe and, neglecting alloy broadening, scale down the Cd 
contribution by ( l - .t). we can subtract' 2 the Cd coni :bu- 
tion from the ternary alloy EDO's of Fig. 2(a). We show the 
result forCd,,#|Mn.. ; „Te:tndCu, JI .Mn„„,Tein Figs. 2(d) 
and .2(e),.respectively. The Tc 5.v line in the ternary,alloy 
exhibits a shift to high feuding energy relative to the binary, 
?in incease in bandwidth and the emergence of three major 
emission features. For Cd,,*,Mn„„,Te structure is observed 
at 9.6, K).3,and i 1 cV. .vith a total 5s bandwidth of—2.5 eV. 
This is in good agreement with the general trend expected 
from our calculations. The calculations, however, appear to 
overestimate the actual binding energy of the major Te 5r 
band features. 


V 
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Fic. 3. (a) HremsMrahlung isochroma: t HIS) spectra from CdTe (•) 
and Cd., m Mn,..,,Te (£). The conduction-band minimum E, is 0.9 eV 
above the Fermi level E, for CdTe. 1,3 eV forCd,.Mn„.Te. (b) A differ¬ 
ence curve (D) derived from the BIS spectra of Fig. 3(a) is compared 
with the result of local density functional calculations of the total density 
of stater, above AY (—) for antilcrromagnetic zinc-btcnde MnTe. The 
theoretical spectrum has been rigidly .shifted to align (he calculated fea¬ 
tures (vertical bars)'to the experimental ones, tc) Theoretical total den¬ 
sity of stales foranliferroinagr.etic zinc-blende MnTe where Mn is in the 
artificial low-spin (</ t) V configuration. 


C. Cone jetion-band states 

The nature of the 3r/ contribution to the density of states 
above E? and the value of the Coulomb correlation energy in 
ternary semimagnetic semiconductors hits been quite con¬ 
troversial.' In Fig. 3(a) ue show BIS spectra for CdTe and 
Cd,, Mn,. : „Te in the 0-16 eV energy range above the Fermi 
level The position of £,.• at the surface was 0.62 ±,Q. 1 eV 
and 0.75 ± 0.1 eV above the valence-band maximum for 
Cdn^.Mn,, ; „Te and CdTe. respectively. Each spectrum in 
Fig. 3(a) was obtained as the sum ofseva.-.:! quantitatively 
consistent spectra from different cleaves, and-' ^responds to 
a total of some 150 h of dutarintegratiou with a primary 
electron beam cuir.-nt of about -200 ttA. Electron-beam 
ittduced contamination was avoided by obtaining a new 
cleave every 6-8 h. Although special care was takento ob-- 
tain reliable contacts on each single crystal with indium and 
conductive epoxy, charging effects were:observed for all 
samples with .vU-0.45. We were able to obtain reliable data 
for samples with x « 0,0.20, and 0.35. 

In Fig. 3(a) the BIS stictrum for CdTe (solid circles) 
shows structure at 4.0. 6.7, and 9 eV above F f , superim¬ 
posed on a smoothly increasing secondary photon back¬ 
ground deriving from the decay of, inelastically scattered 
electrons. The spectrum forCd o lo Mn 0 . :o Te (open triangle) 
was normalized for comparison to the 6.7-eV DOS feature of 
CdTe.'“ A difference curve was obtained from the two spec¬ 
tra and is shown in an expanded scale (open squares) in Fig. 
3(b). Results for the* =» 0.35 alloy are qualitatively consis¬ 
tent with those ‘or the* * 0.20 alloys and are not presented 
here. 27 The conduction-band minimum £ c , expected at 0.90 
eV for CdTe and at 1.2 eV for Cdo. M Mn-, :o Te, r> is seen in Fig. 
3(a) as the end point of a tailing of states extending from 2.3 
to — l.OeV. 

New Mn-Te related features in the ternary alloys are ob¬ 
served in Fig. 3(b) at 4.2, 10.2, 12.2, and 13.8 eV (open 
squares). Analogous features are observed for the .v * 0.35 
alloy.” An interpretation of these features is provided by the 
results of our pseudofunction local density calculations. We 
show in Fig. 3'c) (-olid line) the total DOS above E F for the 
antiferromagnetic zinc-blende ground state of MnTe. For 
comparison we also give in Fig. 3 (c) the analogous result for 
the reduced spin-polarization Mnid t)Vc.vo. The calculat¬ 
ed total DOS has been rigidly dtifted to higher binding ener¬ 
gy to align the main spectral features (vertical bars in Fig. 
3(b) ] to those observed experimentally, in accord with the 
usual practice of local-density the:::v. M We observe a com¬ 
pelling correspondence between theoretical and experimen¬ 
tal features, /-projection of the theoretical DOS allows us to 
identify the main 4.2-eV feature as Mn 3</-derived, and the 
emission features at 10.2,12.2, and 13.8 eV as primarily asso¬ 
ciated with Mn p states with some admixture of Tc/) charac¬ 
ter. We found no evidence of ff-related emission in the gap. 
Upon deposition of 3 A of unreacted Mn on the cleaved 
surface, we clearly detected dominant 5d emission tit tl* * gap 
and the formation of a Fermi cutoff. demonstratin', that our 
experimental sensitivity would have been sufficient to detect 
Mn 3 d states in the gap. if present. 21 "" 

We can now estimate the z/ \-d\ exchange splitting from 
the photoemission- and BIS-determined position of the main 
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Mn id features and the position or the Fermi jevel. We ob¬ 
tain an exchange spiittin; of 3.5 - 0.7 - 4.2 * 8.4 + 0.4eV. 
Recent first-principle calculations for Cd,,j,,Mn„,„Te al¬ 
loys 7 predicted a Mn 3d r band only some 2.5 eV below £,.. 
and a slurp di feature within 2 eV from £,.. with a resulting 
d t-di splitting of4.5 eV. Localized muffin-tin orbital calcu¬ 
lations for antiferromagnetic zinc-blende MnTe by Podgor- 
ny : *' yielded a value of 4 to 4.5 eV for the d :-d\ splitting. 
Earlier calculations for paramagnetic zinc-blcndeMnTe by 
• Maselt et air* yielded a slightly larger value {5.5 eV). All of 
the calculated values are substantially lower than our experi¬ 
mental value of 8.4 ± 0.4 eV or our calculated value of 6.8 
eV, which is 24% too low. In the case of Mn atoms in AgMn 
intermctii!!ics.* 5 the experimental splitting between major¬ 
ity- and minority-spin states was also found larger (50%) 
than the value obtained from first-principle calculations (3.5 
eV). 

Better agreement is encountered with the results of earlier 
semiempirical calculations. Tight-binding semiempirica! co¬ 
herent potential approximation (CPA) calculations for 
Cd,_,Mn„Te (x * 0.3 and 0.") by Eherenreich el al. >h 
fixed the position of the d\ states 2.5 eV above £„ order to 
account ffr structure in the optical spectrum of the alloy 
relative to CdTe. J7 This, together with the photoemission- 
determined d \ position 3.5 eV below £,„ yields a value of 7 
eV for the exchange splitting, similar to the result of 6.8 eV 
that we obtain from our one-electron calculations after re¬ 
normalization of the s-p band gap tc the experimental trans¬ 
port value of 3.2 eV, The semiempirical cluster model by 
Fujimori 4 fixed the value of the Coulomb correlation energy 
to - 8 eV in order to fit the experimental photoemisston data 
(see Fig. 1(0). Such a value is in good agreement with our 
BIS results, and is of the same order of magnitude as those 
assumed for Molt insulators such as MnO (9 eV)® for which 
local density functional calculations also systematically un¬ 
derestimate band gap and d t—isplitting. 

A comparison of our results with optical data should iden¬ 
tify transitions from sp valence-band states to the unoccu¬ 
pied d states, that our BIS study puts 4.$ ^ 0.3 oV above the 
valence-band maximum £,.. In fact, structure at 4.5 eV has 
been observed in ellipsomctry studies of Cd, _ J Mn,Te, : ' 7 
and Kehdlewicz'* has recently interpreted structure at 4.5 
eV in reflectivity measurements as deriving from sp-dl 
transitions.Our work clearly supports this interpretation of 
the optical spectra, and the contention of Larson cl al.* that 
the optical structure at lower binding • nergy (2.2 eV) 
should be explained in terms of standard interband transi¬ 
tion in zinc-blende semiconductors or Mn~ : excitoniclike 
excitations that do not appear in band-sin dure calcula¬ 
tions, rather titan ii. terms of sp-d transitions or ^-(/excita¬ 
tions.'’ 

IV. CONCLUSIONS 

Our photo-emission mtd inverse photcvmission measure¬ 
ments of Cd,. , Mn,Tc alloys, together with new local den¬ 
sity functional calculations of the ground state of MnTe rule 
out the large final-state effects once ’.bought necessary to 
explain the discrepancies between theory and photoemission 
experiments. The BIS technique.- p-ovided the first direct 


experimental determination of the position of the d i states in 
a ternary semimagnetic semiconductor. The value of 
4.8 ± 0.3 eV for the position of the dl band is consistent with 
early interpretations of the optical data which recently came 
under criticism on the basis of presumed discrepancies 
between photoemission and optical results, and photoemis¬ 
sion and local density functional t ouHs.'Wc find no evidence 
of such discrepancies in our results*. Front photoemission 
and BIS data we determined a value of 8.4 ± 0.4 eV for the 
d \-dl exchange splitting, of the same order of magnitude as 
those assumed for Mott insulators, and alnn-M twice as large 
as those predicted from earlier local density calculations. 
Finally, theory and experiments indicate that Mn in 
Cdj _j.Mn.Te adapts a spin polarized ground state with a 
(d t ) 5 (.et) ( p\ Hike configuration in the solid, a result that 
has important implications in our modeling of the magneto¬ 
transport and magneto-optical properties of these materials. 
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By incorporating a II-VI semiconductor into a strained-layer superlattice, it should be possible 
to overcome the effects of deep hole traps near the valence-band edge and hence to dope the 
semiconductor p type in many cases. This idea is illustrated for CdTe/ZnTe superlattices. 


!. INTRODUCTION 

For many years, efforts to fabricate efficient light emit¬ 
ters, lasers, and other optical devices from large-band-gap 
(green to ultraviolet) II-VI semiconductors have been frus¬ 
trated by the resistance of these materials to doping, espe¬ 
cially p-type doping. There appear to be four main explana¬ 
tions that have been given for this problem: (i) 
Self-compensation: common dopants, such as column-1 im¬ 
purities, are believed to simultaneously produce anion va¬ 
cancies when they occupy column-II sites, and the vacancies 
compensate the dopants 1 ; (ii) large acceptor binding ener¬ 
gies: because of the large elective masses (typically 
m*sl.35m 0 for CdS) and small dielectric constants 
(a*2j8.9), the acceptor binding energies, E, * 13.6 cV (mV 
m<yr) are often 60-200 meV vs 10^60 meV for the more 
common III-V and group-IV semiconductor materials, and 
hence the acceptors are less easily.thermally ionized 1,2 ; (iii) 
low incorporation probabilities: for reasons that are not 
presently understood, p-type dopants may not incorporate 
efficiently—recent experiments-' suggest that this incorpora¬ 
tion can be dramatically increased by photoassisted doping; 
and (iv) deep-level formation: impurities, even the dopants 
themselves in some cases, form deep hole traps and impurity 
energy levels in the gap that capture any free holes. 

In this paper we focus on the issue of deep-level forma¬ 
tion and prescribe a method for overcoming the effects of 
deep hole traps that are moderately close to the valence-band 
maximum. 

Theories of column-V impurities occupying column-VI 
sites in II-VI semiconductors indicated that, for the wurtzite 
crystal structure, these expected shallow dopants often pro¬ 
duce deep traps instead,'* but in the zinc-blende structure 
they produce shallow acceptors. The observation of a nitro¬ 
gen level s 100 meV above the valence-band maximum of 
ZnSe lent support to the theory. 5 Hence small changes in the 
local environment of a substitutional impurity are perhaps 
sufficient to change the character of a potential p dopsn* 
from a shallow acceptor which provides hole carriers and 
enhances/>-type conductivity to a deep impurity which traps 
holes and tends to make the material semi-insulating rather 
than p type. This sensitivity of impurity character to envi¬ 
ronment suggests that :t range of perturbations of the host 
semiconductor may convertdeep hole trap into a p-type 
dopant. In particular, this paper discusses the possibility 
that impurities that might otherwise produced.cp hole traps 


<0.25 eV above the valence-band maximum of their host 
semiconductor might be converted into p -type dopants by 
subjecting the host semiconductor to a strain obtained by 
incorporating the host into a lattice-mismatched superlat¬ 
tice. For example, the CdTe/ZnTe superlattice has a lattice 
mismatch of 6.391- (Refs. 6 and 7) and the strain in the 
superlattice can cause deep hole traps in the unstrained 
smalier-gap material, CdTe, to become shallow acceptors in 
the superlattice. 

In this regard we note that acceptor levels ir CdTe have 
been reported at 58,59, and 60 meV ab. .vc the valence-band 
maximum for Li, Na, and P, as well as "t 147 and 108 meV 
for Cu and Ag." We believe thatthe Li. Na, and P levels are 
genuine substitutional shallow acceptor levels, because their 
energies are almost equal, the small differences being attrib¬ 
uted to central-ccll corrections. We identify the Cu and Ag 
levels as deep levels (with qualitatively different wave func¬ 
tions from shallow levels'*) that lie relatively close to the 
valence band and act as hole traps. Becau>; the strength of 
the ordinary central-cell potentials foi .t electrons of Cu and 
Ag are intermediate between those of Li: nd Na on the one 
hand and P on the other, 10 we believe that the Cu and Ag 
energies are not shallow effective-mass theory energies. 
Therefore, a goal of the present theory, as applied to CdTe, is 
to predict the layer thicknesses of CdTe/ZnTe superlattices 
in which the Li, Na, and P levels remain shallow (in a CdTe 
layer) but Cu and Ag become shallow acceptors rather than 
deep traps. We shall see that this should occur, due to inter¬ 
nal strain, in small-period <V CJIV x ,V 7 „ Tl . supcrlattices for 
Acutc/AzhTc < 1 the case of [001 ] supcrlattices. 

II. QUALITATIVE PHYSICS 

The application of hydrostatic pressure to a semicon¬ 
ductor shifts the band edges with respect to nearby deep 
levels." Likewise a uniaxial stress splits the valence-band 
edge and shifts the conduction-band edge, relative to the 
energies of deep levels. 12 Furthermore, deep levels in super- 
lattices. crudely speaking, have almost the same absolute 
energies as in the bulk—but the band edges of the superlat¬ 
tice are significantly perturbed from the bulk value. 
Thus, in a crude approximation, we may regard the deep 
energy.ievtls associated with impurities as almost constant 
in energy, while hydrostatic pressure, uniaxial stress, or 
quantum confinement in a superlattice cause the semicon¬ 
ductor’s band edges to move considerably. This viewpoint is 


2065 


J. Appl. Phys. t>6 (5). 1 September ‘.J39 


0021 -8979/89/172065-04S02.40 


S 1989 American Institute ol Phys-cs 


2065 





illustrated in Fig. 1, where we tbow the fundaments! hand 
edges of CdTe with a deep trap level, and illustrate how the 
band edges move when perturbed (assuming the absolute 
deep-level energy does not change). An important point is 
that when the valence-band maximum moves up enough in 
energy to cover the deep trap level, the impurity changes 
from a hole trap to a shallow acceptor, because the hole is 
aiitoionized, and bubbles up to the valence-band maximum 
where it is trapped by the long-ranged Coulomb potential of 
the impurity. (See Fig. 1.) Thus by "covering up” the deep 
trap levels in the gap with the valence band, it is possible t<> 
convert the traps into shallow acceptors and achieve p-tyns 
doping. This "covering up" is termed a deep-to-shallow 
transition. 

Hydrostatic pressure causes the valence-band maximum 
to move up slightly in energy while the conduction-band 
minimum moves up even more. 11 The motion of the valence- 
band maximum relative to the deep level is typically of mag¬ 
nitude si meV/kbar," and so hydrostatic pressurtican 
only "cover up" deep levels >0.1 eV above the valence-band 
maximum, even if the pressures p are very large (almost 
unpractically large): p> 100 kbar. 

Uniaxial stress can be more effective in inducing a deep- 
to-shallow transition that converts a deep trap to a shallow 
acceptor, but externally applied uniaxial stresses much 
greater than 10 kbar ordinarily can fracture a semiconduc¬ 
tor. Under uniaxial stress, even a 10-kbar stress can covet up 
levels within sO.14 eV of the valence-band maximum. 

Internal strains in a lattice-mismatched superlattice 
such as CdTe/ZnTe cun move the valence-band edge tenths 
of an eV. We shall show that small-period superlattices can 
be grown which have such large internal strains that deep 
trap levels within about 0.25 eV of the valence-band maxi¬ 
mum can be covered up, making them shallow acceptors. 
This should be an important mechanism for producing p- 
type doping, because in CdTe there are many deep hole traps 
with energies around 0.1-0.2 eV above the valence-band 
maximum, including traps associated with Cu and Ag.* 

For (001] superlattices, every internal stress a can be 
represented as a combination of hydrostatic and uniaxial 
stresses: 

%dr« * (*„ + Oyy + )/3 ( 1 ) 

and 

( 2 ) 

In a typical ! X1 CdTe/ZnTe supci lattice the CdTe internal 
strain corresponds to hydrostatic pressures of s - 10.7 
k':v.r and a uniaxial stress of =r. 16.0 kbar. Hence the hetcroe- 
pitaxy of the supcrlattice allows one to reach local pressures 
and stresses (without damaging the semiconductor) that 
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FIG. I.Schen. .tic encrgy.band structure (energy in vs wave vector) of 
CdTe, illustrating the qualitative changes in the vaSeuce-band-icvcl struc¬ 
ture with respect to the deep-level energy, (a) The bulk semiconducto' ^ ith 
a deep levefwiihin 0.2 eV of the vaicncc-band edy. The T• and P s hands 
were />-like hands that split due to the large spin-orbit interaction in Cd fe. 
(b) The application of 50 kbar hydrostatic pressure decreases the energy 
between the impurity level and the valence band slightly, (c) 10 kbar uf 
uniaxial stress splits theJ „ bands and can "cover up" the deep hole trap and 
make it an acceptor, (d) A 2 X4 supcrlattice is even better than large uniax¬ 
ial stress in that the deep level is better covered by the internal strain-in¬ 
duced band splitting. 


would be unattainable when applied globally to bulk semi¬ 
conductors. These enormous strains can move the valence- 
band maximum up in energ> by ^0.25 eV, covering up any 
deep traps near the valence-band maximum of unstrained 
CdTe. 

To simplify the discussion, we shall make the assump¬ 
tion that ihe relevant deep levels have absolute, energies that 
are unchanged by internal strains. With this approximation, 
we need only predict the shift and splitting of the valence- 
band maximum caused by strain, and determine if deep hole 
traps 0.1-0.2 eV above the vaience-band maximum of un¬ 
strained CdTe will be covered up by the strain-induced shift 
of the vaience-band maximum. 

III. FORMALISM 

In zinc-blende semiconductors the top of the valence 
band is threefold degenerate and p like in a nonrclativistic 
band theory. Inclusion of the spin-orbit interaction splits 
this degeneracy into a 1% doubly degenerate J = 3/2 va¬ 
lence-band maximum and a nondegenerate J = 1/2 T 1 band 
below it. Strain further splits the bands, leading to a Hamil¬ 
tonian matrix in the \J,Mj > pseudo-angular momentum 
basis for the val.nce-band maxima at k — 0: 


(3) 
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e- u 


(7) 


Here we hav- used the notation of Ref. 17: 4, is the spin- 
orbit interaction parameter, 5E„ and 8E H - are the energy 
shifts of the relevant bands induced by the isotropic strain or 
dilation: 

A = («„ + u yy + «„ )/3, (4) 

and SE s and SE s - are the shifts due to the anisotropic part of 
the strain, and the zero of energy is the unstrained valence- 
band maximum. Because the energy shifts (with respect to a 
nearby deep level) induced by the isotropic parts of the 
strain" are aoout an order of magnitude smaller than the 
anisotropic-strain shifts, the upward valence-band shift in¬ 
duced by internal strain is very nearly 

A£ vb = - 5E s /2, (5) 

and is due to the anisotropic strain. 

IV. [0011 SUPERLATTICES 

.1 

For 1 001 ] superlattices, the valence-band shift is related 
to the strain tensor components — u xx by 

A£ vb * - <S£ y /2 = (6, + 2b.) (u„ - u xx ), (6) 

where b { and 6- are deformation potential constants. 17 Since 
we have been unable ro find tabulated values of b { and b - for 
CdTe, we estimate (i» , + 26-) * — 1.76 eV, a value typical 
of semiconductors ( for example, in GaAs the measured val¬ 
ues range from — 1.66 to — 2.0 eV; in Ge a typical value is 
— 2. 1 eV). The strains u a and ti xx in CdTe can be related to 
the bulk lattice constants a CdTt and a ZnT , and to the layer 
thicknesses of the superlattice: :V CdTt and .V 2nX ,, as dis¬ 
cussed in the Appendix. Figure 2 shows the theoretical pre¬ 
dictions. 

V. [111] SUPERLATTICES: 

In [111] superlattices, the valence-band shift is most 
easily related to the shear e in a CdTe layer: 



F’G.2. Energy shift A£ lh in eV vs .Vtu^/.V*,,., the ratio of CdTe to ZnTe 
layer thkknes<es. Deformation K'ential theory predicts that decreasing 
the layer thickness .atio .V CJ!c . .V, lilt for CdTe/ZnTe superlattices in¬ 
creases strain, therecy shifting the valence-band maximum up relative to 
the deep level by up to 0.25 eV for (0011 supcrlattices (open squares). This 
e.lect is relatively weak in (111 ] superlattices <solid circles). 


and is 

A£„s - SE s n = - (d, + 2d 2 )e/2. (8) 

(See the Appendix.) Taking the deformation potential con¬ 
stant for CdTe‘:o be (rf, — 2 d 2 )x — 4.59 eV, the value for 
GaAs, 17 we find the results of Fig. 2. 

VI. SUMMARY 

Clearly interna! strains can raise the valence ’'and edge 
of CdTe (andothc; 11-VI semiconductors) a few tenths ofan 
eV when the semiconductor is sandwiched in a sti ained-lay- 
er superlattice or hetcrostructure. This should he enough to 
cover up the deep levels at energies s0.1-0.2 eV above the 
unstrained valence-band maximum and convert these deep 
hole traps top-type shallow dopants. (Of course, the precise 
extent of this effect should be evaluated by computing the 
deep trap levels in a strained-layer superlattice,rat!..-r 
than assuming that the dee,. 1 levels are completely unaltered 
by the s'rain. as we have here.) 

By sandwiching a II-VI semiconductor between materi¬ 
als which have a different lattice constant, as in a strained- 
layer superlattice, it will be possible to move the semicon¬ 
ductor’s valence-band maximum up in energy, so that Jeep 
hole traps lying within 0.1-0.2 eV of the unstrained valence- 
band edge will be autoionized and will become snallov ac¬ 
ceptors, doping the II-VI semiconductorp type. We believe 
that this mechanism of conditioning II-VI semiconductors 
forp-type doping is most likely to be successful in common- 
anion heterostructures and superlatticcs, such as Cd$/7.nS, 
CdSe/ZnSe, or CdTe/ZnTe. The reason for choosing com¬ 
mon-anion heterostructures is to minimize the absolute val¬ 
ue of the valence-band offset. IftneCdTe valence-baml max¬ 
imum lies above the ZnTe valence band, then quantum 
confinement will tend :> drive the valence-bond maximum 
down in energy (and inhibit covering of the deep levels); but 
if the CdTe valence-band maximum lies below the ZnTe 
maximum, holes will tend to be swept out of the CdTe layer. 
We hope that experimenters will attempt to grow such struc¬ 
tures, and determine if they are indeed more easily doped p 
type, as we predict. 
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APPENDIX 

The relevant parts of the strain tensor u for evaluating 
A£\ b can be calculated using continuum elasticity theory. 18 

Fora [001) superlattice, the relevant strain tensor ele¬ 
ments are u„ and «... [see Eq. (6) j. The boundary condi- 
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tior.s iire that the in-plane kftice constants a, of the adjacent 
layers match one another: ■ 

a \\CATt m fl |!ZnTr* 

and are related to the bulk lattice constant through the strain 
tensor u„: 

fl |!CUT« ~ a CdTc ( 1 + « M ;CdT* )• 

The constraints are 

U^y — Uyf — U u — 0, 

and 

tf CdTc (1 + W jt*:CdT« )'* a ZnTt (1 + u xx-.lnTt )• 

We assume that the layer thicknesses are sufficiently small 
that we may take the strain tensors u CdTt and u Zn7> to be 
constants. The total elastic energy of the superlauice is 

W' = NciTc H'cdTt + ^ ZnTc ^"znT? • y 

where 

^CdT* ~ ( l/-) C ll;CdTc (-’• tt »«;CdTt + CdT« ) 

+ ^I’.CtlT* ( W «;CdTc‘^r.CdTe 
+ 2 U xx:CdTt u x:CdTc) 

is the increase of elastic energy in a CdTe layer (with a simi¬ 
lar expression for ZnTe layer). The elastic constants c,„ c 12 , 
and'c^ have been tabulated 7 for both CdTe and ZnTe. The 
solutions for «„ and u V4 in a CdTe layer are obtained by 
minimizing the superlatticc’s total energy for fixed A : CdTt 
and A r ZnTc : 

U .vx.CdT< — Al( a CdTe ~ fl ZnTc)/A 

and 

w ;.-.CdTc = ~ - C i:.CdTv M .s,\;GiTc/ C I l;CUT<: 

where we have 

2?, | = N CiTt (2C||. CdTe + 2c, ;-CdT , 

~ 4 f IJ;CdTe/C||,CdTe )/ a CdTc> 

^15 = ^ZnTe (2C||. ZnTe + 2C|j. ZnTe 

~ ^ C i:;Z»Tf/ C ll:ZnTc )/ a Ziilv« 

and 

P~ ~ ( fl ZnT«Al + ®CdTvA:)* 

For (111) superlattices, the relevant strain is the anisotropic 
shear strain e. [Sec Eq. (S)). The boundary conditions are 
that the in-plane lattice constants match one another: 

fl |CiOc — tf’.ZnTo 

where we have 

fl ,’CUI« = fl caiv (1 + Acmtc — fcaic )• 
with a similar expr-ssion for ZtiTe. The constraints arc 

A — M X \ Uy V — Urn. . 

£ t/\y li j.. “ II ;K . 

and 


fl CdTf ( i + ^CdTi ~ f CdTc ) ~ fl ZnTc ( 1 + ^Z»Te ~ f ZnTc )• 

The increase in elastic energy of the superlattice is 

^~ ^CdTt ^CdT« + ^ZnTr ^ZiiTe* 

where in each CdTe layer we have 

W'cdt. = (3/2 )(c, 1;CdTe + 2c, 2.CdTc ) A CdTe 

+ kdd.CUTc^CdTc* 

By minimizing the total clastic energy of the superlattice for 
fixed A' CdTc and N ZnTe , we find 

fcdTt ~ ~ ^lz( J CdT« ~ fl ZnTc )/A 

where 

D\ i — 12A( CdTe C44. CdTe / fl cd T « > 

Dr. — 1 2A' ZmXc c 44 . ZnTc / ff ZllTc , 

Dz | = ( C II;CdTe + 2 c,j Ci1Tc + 4C 44 . cdT( . )fl CdTe / 

( C II;CdTe + 2C|j. Ctnv ), 

D” — — (C||:ZnTc +-?C|2 ; ZnTc + 4c 44;Zll | e )fl ZnTc / 
(?ll:Zn“« + 2f|: ; ZnTc )> 

and 

D — DnPa ~ D\iD 2 \< 
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Ah explanation is proposed for the fact that ZnTe is unique among the II-VJ compound semicon¬ 
ductors in that it can be doped p type rather easily: a p-like deep-level resonance lies witiiin the 
valence band of ZnTe and emerges into the fundamental band gap with increasing Se content x in 
ZnTei_,Se, random alloys. This level generates free holes when it lies below the Fermi energy in 
the valence band, making its parent defect a shallow acceptor. When the level moves into the gap, 
the impurity' becomes a deep hole trap. The native and foreign antisite defects Znr, and Li Tt art 
suggested as possible parent defects of the relevant deep level: they are predicted to be shallow iz- 
ceptors in ZnTe, while the corresponding defects are deep traps in other II-VI compound semicon¬ 
ductors. Tests of this proposal are suggested and the substitutional s- and p-bonded deep levels of 
Zj?Se and ZnTe are predicted, extending the theory of Hjalmarson et al, [Phys. Rev. Lett. 44, 810 
. (19801). The possibility of doping ZnSep type with (antisite) Be is also proposed and discussed. 


I. INTRODUCTION 

Most wide-band-gap II-VI compound semiconductors 
can be easily doped n type, but resist p-type doping. The 
most notable exception is ZnTe which is easily doped p 
type, but not n type. The different and singular doping 
behavior of ZnTe is not presently understood. 

The purpose of this paper is to offer an explanation of 
this difference in terms of a defect that undergoes a 
shallow-deep transition as a function of alloy composition 
* * n ZnTei-jSCj,, so that it is an acceptor in ZnTe but a 
hole trap in ZnSe. We present calculations that suggest 
that such a transition occurs for the native and foreign 
antisite defects Znj, and Li^ e in ZnTe. And we suggest 
specific tests of the explanation, which lias a firm, but ad¬ 
mittedly not unshakable, theoretical foundation. Indeed, 
the reader should accept this work t>-r its intended pur¬ 
pose: to sketch a simple model vv 1 ... can be tested ex¬ 
perimentally and which appears to offer an explanation of 
the p-typ; doping proclivity of ZnTe in terms of the natu- 
raf occurrence of certain defects. The theoretical tools 
are presently not available to predict with 100% 
confidence if these defects form in sufficient concentra¬ 
tion with precisely the electronic structures we find. Nev- 
erthcless, tr.c picture we propose is simple enough to lend 
itself readily to experimental tests, while presenting an at- 
tractive alternative explanation of the doping properties 
ot ZnTe to mechanisms which rely on self-compensation 


or the relative solubilities of impurities in different hosts. 

We propose that p-type conductivity is most easily 
achieved in ZnTe of the 11-Vi semiconductors because 
defects that produce p-iike deep traps lying slightly abo^e 
the valence-band maximum in most II-VI semiconduc¬ 
tors instead have these levels lying below the band edge 
in ZnTe. Each such level for a neutral defect is naturally 
occupied by both electrons and !. jles when it lies within 
the fundamental band gap. and so can trap holes. When 
the level descends below the va!:nce*band maximum, its 
holes are autoionized and become carriers at room tem¬ 
perature. (At zero temperature they are trapped in shal¬ 
low acceptor levels.) Hence the . fecu generate holes in 
ZnTe, but trap them in other scmiconductois. .More 
specifically, our proposal is that the native antisite defect 
Zn on a Te site, Zn Tt (and even the antisite dopant Li Tt ) 
is a shallow acceptor in ZnTe and dopes the material p 
type, compensating any «-type impurities that might oth¬ 
erwise themselves compensate acceptor:: In other II-VI 
semiconductors, neither the cation-on-anion-site defect 
nor antisite Li yields a shallow acceptor, but instead pro¬ 
duces a deep * . r itvel in the fundamental band gap. The 
anttsite defects Zn s . (and Lij,) neither dope the material p 
type nor produce thermally ionizabls holes; instead they 
trap carriers, holes in particular. 

We arrived at the conclusion that the defect responsi¬ 
ble for the resistance of most II-VI semiconductors to p- 
type doping might be the cation-on-anion-site defect after 
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having examined predictions for deep levels of all the s- 
and p-bonded substitutional impurities in all of the major 
II-VI semiconductors. During this examination we asked 
the questions (i) "Can impurities explain the different 
doping proclivities of ZnTe and the other II-VI semicon¬ 
ductors" and (ii) "Does any impurity that is likely to 
occur in significant concentrations have a deep-level 
structure that is different ir. ZnTe from in the other II-VI 
semiconductors?" 

! The classical mechanism that has been proposed to ex- 
I plain the resistance of II-VI semiconductors to p-type 
j doping is self-compensation: The introduction of an ac* 
j ceptor such as Li or Na onto a cation site is thought to 
j simultaneously produce an anion vacancy which is a dou- 
j ble donor and compensates the acceptor, leaving the ma¬ 
terial semi-insulating or doping the material ^type rather 
j than p type. 1-4 If the self-compensation mechanism is 
* indeed operative in most II-VI semiconductors and can- 
! not be blocked for at least some p-type dopants, then II- 
i VI semiconductors are unlikely to become important 
I electronic materials, regardless of the purity of the ma- 
1 terials. The self-compensation is thought to be an intrin- 
j sic property of the doping, regardless of the quality of the 
undoped semiconductor: p-type doping produces com¬ 
pensating anion vacancies. Therefore, the fact that ZnTe 
is naturally p type is an important clue to understanding 
and overcoming self-compensation tif it occurs)—and 
perhaps the key to developing electronic-grade II-VI 
semiconductors. 

The explanation often given for the singular behavior 
of ZnTe is that its band cap is smaller than that of other 
II-VI semiconductors, 1- * and so the energy generated by 
the self-compensation, which is approximately the energy 
of the gap, is too small to produce a vacancy in ZnTe, but 
is adequate for vacancy formation in other II-VI semi¬ 
conductors. At first, this argument appears attractive, 
because it correlates with the fact that self-compensation 
is most commonly found in large-band-cap semconduc- 
tors. Upon closer examination, however, the argument is 
difficult to reconcile with the fact that the band gaps of 
ZnSr and ZnTe are not very different or with the fact 
that stoichiometric CdTe, which has a significantly small¬ 
er band gap than ZnTe, resists p-type doping (although 
less so than other II-VI compounds). Therefore we con¬ 
clude that an alternative explanation of the singular p* 
type character of ZnTe is needed. 

Self-compensation by vacancies is not universally ac¬ 
cepted as the mechanism by which II-VI semiconductors 
resist p-tvpe doping. Some other explanations point to 
the different solubilities of impurities on differen* sites 
and interstitial self-compensation: F«.r example, Na can 
occupy a cation site as an acceptor in ZnSe, but becot.-:s 
a donor at interstitial sites, 7 and so interstitial N’a can 
compensate substitutional Na. Other mechanisms 
also been suggested to account for the resistance of II-VI 
semiconductors t' p-type doping: The acceptor burning 
energies of some II-VI semiconductors can be rather 
large, >0.) eV, making the acceptors difficult to ionize 
thermally and frustrating p-type conductivity. 5 The in¬ 
corporation of the standard p-type dopants into a II-VI 
host can be severely limited by the chemistry of the host. 4 


Unanticipated deep-level formation may occur, in the 
sense that impurities such as those from column V of the 
Periodic Table, when occupying a column-VI site, may 
produce deep levels in the fundamental band gap of some 
wurtcite-structure II-VI compound semiconductors rath¬ 
er than the expected shallow acceptors. 10 Indeed, it is 
conceivable that the II-VI semiconductor doping prob¬ 
lem is a consequence of rather complicated defect and 
impurity dynamics. Currently there are many efforts in 
progress to overcome the p-doping problem by improving 
the quality of II-VI materials, for example, by employing 
molecular-beam epitaxial techniques of crystal growth; 
these efforts implicitly assume that impurities and de¬ 
fects, not self-compensation, cause the p-type doping 
problem. 11- ’ 4 

Clearly there are a variety of detailed mechanisms for 
explaining the resistance of most wide-band-gap II-VI 
semiconductors to the p-type doping. However, a satis¬ 
factory explanation of why ZnTe is almost singularly 
compatible with p-type doping is lacking—and could 
provide a vital clue for doping the other II-VI semicon¬ 
ductors p-type. 

The purpose of this paper is to offer a simple but gen¬ 
eral explanation of the ZnTe doping singularity. This ex¬ 
planation does not depend on any detailed model of 
dopant compensation or theory of the resistance of II-VI 
semiconductors to p-type doping. It merely asserts (on 
the basts of a theory of deep levels) that ZnTe is unique in 
having a native antisite defect, Zn Te , that is a strong p- 
type dopant, capable of generating holes and compensat¬ 
ing donors of any origin. ZnTe is also unique in that its 
antisitejdopant Li Te is also a shallow acceptor, not a deep 
trap. The electronic structures of these antisite defects 
provide a simple, general, and experimentally verifiable 
explanation of why ZnTe is easily doped p type, and al¬ 
low us to avoid the more difficult issue of specifying the 
detailed mechanisms by which most II-VI semiconduc¬ 
tors occur n type. Hence, instead of asking “Why are 
ZnSe and most other II-VI semiconductors n type" we 
address the question "what unique feature of ZnSe and 
ZnTe causes them to change their doping proclivities 
from n type for ZnSe to p type for ZnTe"? We propose 
that the relevant feature is the shallow acceptor character 
of the Zn Te antisite defect. 

At first glance, - most of the mechanisms that might 
frustrate p-tvne doping appear to be smooth functions of 
the chemical compositions of the II-VI semiconductors, 
and so it is difficult to understand why ZnTe can be 
doped p type ar.d most other II-VI semiconductors.can- 
no*. One might still expect that ZnTej.^Se, (Ref. 15) or 
(ZnTeJi.^fCdSe), alloys (Ref. 16) would smoothly 
citange from p-type to semi-inf ulating to n-type conduc¬ 
tivity as x increases. Howewr the concept of abrupt 
deep-shallow transitionr : " 23 of impurity character as a 
function of host chemical composition raises the possibil¬ 
ity that a defect intimately involved in obsttucting the p- 
type doping in most II-VI semiconductors might have 
quite a different character ir. ZnTe. Ws predict that the 
native antisite defect Zn r . should be a shallow acceptor 
in ZnTe, but that its analog Zr_ c should be a deep trap in 
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ZnSe. At the extreme, even Li (a common dopant) has an 
antisite defect with the same character, changing from 
shallow in ZnTe to deep in ZnSe. The deep-shallow tran¬ 
sition of the antisite defects’ characters occur abruptly as 
functions of alloy composition x , and can naturally ex¬ 
plain why ZnTe is p type while other II-VI semiconduc¬ 
tors are not. 

II. MODEL 

Our model uses the well-established theory of deep lev- 
els, 18,19,24,25 w hj c h }, as successfully explained a broad 
range of data, including the physics of the N trap in 
GaAs,-*?, (which produces an energetically "shallow” 
level within <0.1 eV of the conduction-band edge in 
GaP, a deep trap more than 0.1 eV below the edge for 
jr =0.5, and a resonance in the conduction band of 
GaAsj; 17,19,18 rapid Ill-V-compound laser degradation, 14 
bulk and surface core excitons 27-31 in.Si-arid III-V com¬ 
pound semiconductors, intrinsic surface states, 33,33 
Schottkv-barrier heights, 25-31 and the deep-shallow be¬ 
havior of defects such as-the DX center in Al^Ga^As 
semiconductors 39 and GaAs'ALGa,„As superlat- 
tices. - 3,40 

In this model, deep energy levels are obtained by solv- 
ing the secular equation 

det[l-(£-/f 0 )-'n=0, 

where H 0 is the host Hamiitonian operator, V is the de¬ 
fect potential operator, and the level’s energy E is as¬ 
sumed to have an infinitesimal positive imaginary part. 
Hjalmarson et al . 19 have presented predictions of A t 
deep levels based on this theory. In a'Lowdin basis 41 of 
sp 3 j* orbitals centered at each site 42 the defect potential 
is diagonal ana related to atomic energies. 19 The host 
Hamiltonian is treated in an empirical tight-binding mod¬ 
el, the parameters of which have been fit to observed 
band gaps in several semiconductors and follow chemical 
trends from one semiconductor to another. 42 Charge- 
transfer effects, such as those treated by Jansen and San- 
key, 7 are not included explicitly in this model. Neverthe¬ 
less the model produced excellent agreement with mea¬ 
sured surface states of ZnSe and ZnTe, 33 and so is expect¬ 
ed to describe well any localized perturbation associated 
with a defect. Details of the model have been pub- 
Iished. 2 ' ,>35 '- 3 \V(j consider only substitutional defects be¬ 
cause common interstitials such as Li and Zn are normal¬ 
ly donors 7 and because most interstitials are notoriously 
sensitive to charge transfer and the local environ- 
ment 1 ' ,4j- ' 5 a property that we regard as unlikely to be 
associated with the nearly universal doping properties of 
II-VI semiconductors—although we recommend the 
work of Chadi and Chang 44 for a somewhat different 
viewpoint. 

HI. RESULTS 

As a test of the model’s ability to describe defects in 
II-VI semiconductors, we first consider Li doping of 
zinc-blende-structure ZnSe and find to Be a shallow 
acceptor, in agreement with the data. 47 Furthermore, ex¬ 
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periments 4, reveal a deep acceptor related to Li 0.2 to 0.3 
eV above the valence-band maximum. Since interstitial 
Li is a donor, 7 this acceptor can likely be associated with 
the theoretically predicted 0.4 eV antisite Li s , deep level, 
and indicatesahat the theory lies only slightly above the 
data in energy. 48,49 Thus the Li doping data for ZnSe are 
well described by the present theory, lending support to 
the other theoretical predictions. 

Since the spirit of the present work is to understand 
global chemical trends, we limit our discussion to a 
mean-field one-electron theory of neutral defects, and 
omit the Coulomb effects normally associated with small 
to moderate splittings-of order 0.2 eV between different 
charge states oka-defect. 7,43-33 This simplification makes 
all of the energy levels associated with different charge 
states of a defect degenerate and allows a simple discus¬ 
sion of global trends without concern for many-electron 
effects. Furthermore, the effects of these rather small 
effects can be included a posteriori with very little* 
difficulty. 43-3S: 

Each of the s- and p-borded impurities has eight 
“deep" spin orbitals with energies near the fundamental 
band gap, two A } or jr-Iike and six 7\ or p-like spin- 
orbitals. Normally, the energies-of the T 2 spin orbitals lie 
above the A t spin orbitals. In fact, spin-orbit splitting, 
which is included in the theory, causes the T 2 levels to 
split slightly into />j /; -!ik* T, levels and p,/ 2 -like P 7 lev- 
els. However, for simplicity we shall-refer to both levels 
as r : in the text, while plotting the spin-orbit split levels 
in the figures. (In the T e - double-group notation, A , be¬ 
comes r 6 ). 

The predictions of the theory for substitutional j- and 
p-bonded defects in ZnSe and ZnTe are summarized in 
Figs. 1 -4. These figures indicate the doping character of 
each element of the Periodic Table. 

A notable feature of the predictions is that the 7\ de¬ 
fect energy levels for Zn on either site in any host are vir¬ 
tually identical to those of the corresponding Li defect 
because these atoms have essentially the same atomic or¬ 
bital energies. This means, in particular, that Zn s , and 
Lis, have about the same energy levels and the same dop¬ 
ing character, except that Zn provides one more electron 
than Li. 

Figures 1-4 should be examined as follows: In general 
the deep levels move up (down) as one moves to the left 
(right) across a row of the Periodic Tabie. The host atom 
has A ( and 7V levels occupied in the valence band and 
A | and 7\ levels empty in the conduction band In the 
case of the Se-site Si in ZnSc, all the defect’s levels lie 
above :he corresponding Se levels, but the difference be¬ 
tween Si and Se is not enough to cause any of the occu¬ 
pied deep levels to move up into the band gap. As a re¬ 
sult, Si is a double acceptor (denoted 2.4) because it has 
two fewer electrons than Se, and these missing-electrons 
or boles “bubble up" from the dvup S: levels in the 
valence band to the valence-^and edge, where they are 
trapped in shallow acceptor levels by the Coulomb poten¬ 
tial of the ionized Si atom. Similar reasoning applied to 
the empty level. indicates that Br on the Se site of ZnSe is 
a single donor. Because Br is more electronegative than 
Se, its energy levels iie lower than those of Se; but the 
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FIG. I. Predicted doping character of Zn-site substitutional 
S' and p-bonded atoms in ZnSe. The character is denoted D for 
donor. A for acceptor, and / for isoelectronic defect (with no 
deep level in the gap). If the impurity produces one or more 
deep trap levels in the gap, this is indicated for each atom by the 
number of holes and electrons trapped in those levels for a sin* 
gle neutral defect, e.g., 5 h It denotes 5 holes and 1 electron—in 
a p-like deep level. See the text for further explanation. 


Br-Se difference is not enough to pull one of the empty Se 
deep levels in the conduction band down into the gap. As 
a result, the extra electron of the neutral Br defect (rela¬ 
tive to the Se atom the Br replaced) falls out of the deep 
level in the conduction band, the Br is autoionized, and 
the extra Br electron falls to the cor.dueiion-band edge, 
where it becomes a shallow donor electron orbiting the 
ionized Br impurity (denoted 1 D). As one moves to the 
left in the Periodic Table, the deep levels that were within 
the valence band for the host atom move up, sometimes 
into the band gap, becoming deep traps—as for Cs*. 
which (when neutral) has a p-like 7\ level in the gap oc- 
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FIG. 2. Predicted doping character for Se-site substitutional 
atoms in ZnSe, as in Fig. 1. 
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FIG. 3. Predicted doping.character for Zn-site substitutional 
atoms in ZnTe, as in Fig. I. 

cupied by five holes and one electron, and an A , state 
below the valence*band maximum filled by two electrons, 
and therefore is denoted 5h\c. In some cases the defect is 
so electropositive that the relevant occupied deep levels 
pass through the gap into the conduction band, as for the 
anion vacancy (which is infinitely electropositive 0 and is 
denoted as the element "Va" in the figures). The A , and 
Tj levels of the vacancy lie in the conduction band, with 
the six electrons of the 7\ level removed along with the 
Se atom during vacancy creation. Thus the Se vacancy is 
a double donor (2 D) and has a false valence (F) with 
respect to Se, allowing it to donate 4-2 electrons rather 
than —6, because eight spin orbitals (2.-1,-r6T : ) have 
crossed the gap into the conduction band as the Se host 
atom has been •'transmuted" into a vacancy. Similarly a 
Zn-site Cl atom has deep levels derived from the empty 
conduction-band levels of Zr.; the A , level is pulled down 
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FIG. 4. Predicted doping character for Tr-sit. substitutional 
atoms in ZnTe, as in Fig. I. Note that the Zn antisite detect 
produces a shallow [quadruple (Ref. 5It] accept.'.'. 
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into the gap because Cl is more electronegative than Zr, 
while the 7% levels remain in the conduction band, The 
five extra electrons of neutral C! distribute them;eves 
with two in the A , deep level and three in the conductio- 
band; hence Cl produces a deep doubly occupied A , evt 
(2 e) and a triple donor (3 D). Some defects, such as oxy¬ 
gen on a Se-site in ZnSe neither change the number cf 
electrons nor introduce new deep levels into the gap, in: 
so are termed isoelectronic (/). 

By generating Periodic Tables such as Figs. 1-4 for a 
wide range of Il-VI semiconductors, we have been able to 
determine how the predicted characters of defects are 
different in various semiconductors. Here we discuss 
only ZnSe, which has similar defect deep-level behavior 
to other II-VI semiconductors, and ZnTe, which exhibits 
unusual p-type doping behavior. 

The theory predicts that neutral Zn Te in ZnTe is a qua¬ 
druple 51 acceptor (4 A), whereas native cation-on-an;or- 
site defects in other II-VI semiconductors produce T-- 
symmetric deep traps in the band gap: e.g., (4/i2<?) for 
Zn Se in ZnSe. (See Figs. 1 and 3). Charge-transfer and 
Coulomb splitting effects omitted from the model may ac¬ 
tually prevent the formation of the quadrupole acceptor 
state, but some level of acceptor character is nevertheless 
to be expected. (Sec. IV treats this issue in more detail.) 
This native antisite defect yields four holes to the valence 
band and is a powerful p dopant in ZnTe only. More¬ 
over, as a function of alloy composition x in ZnTe,_ x Se x 
or (ZnTe),_ x (CdSe) x> the relevant deep level should 
move from below the valence-band maximum into the 
gap—and the character of the Zn-cn-anion-site defect 
should change rather abruptly from a p-tvpe acceptor to a 
deep trap which no longer dopes the material p-'.ype. 
(See Figs. 5 and (i>. Hence the material should change, 
rather abruptly, from being p type to n type. The abrupt 
character of this transition should be an experimental sig- 
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FIG. 5. Predicted dependence on alloy composition x of the 
energy levels (in eV) for the anion-site defects Zn lnio « (solid line), 
(the same, solid line), end Be,„ w , (dashed) in ZnTei.jSe,. 
The pi/ 2 -lihe level derived from the 7" 2 deep level is labeled 1% 
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FIG, 6. Predicted dependence on alloy composition x of the 
energy levels (in eV) for the anion-site defects Zn,„, 0 „ (solid line) 
and Be a „, 0 „ (dashed) in (ZnTeh-jlCJSe),. The p J/; -like (p l/; - 
like levels derived from the T : deep levels ar* labeled r ( (I*,). 
For x =0, and for a neutral Zn Tc defect, the I~ : level is occupied 
by two electrons and the F s level by four holes. 


nature of the antisite-defect doping mechanism, which 
perhaps can be detected by a sudden change of doping 
character with alloy composition x in ZnTe,_ x Se x or 
(ZnTe),_ x (CdSe) x , by opticai spectroscopy (allowing for 
the fact that both the valence-band edge and the deep lev- 
ei have 7\ symmetry), or by pressure ov strain measure¬ 
ments which cause the deep level to move ir.to or out of 
the fundamental band gap. 

Zn is not the only antisite defect that is predicted to 
produce a strong p dopant. Li Te (although unlikely to 
occur in large concentrations) is likewise a shallow accep¬ 
tor yielding nominally five holes 51 to ■: valence band. 
The energy of the foreign antisite L: deep level is essen¬ 
tially the same as that of native antisite Zn—and so sub¬ 
stitutional antisite Li should also undergo a similar deep- 
shallow transition as a function of alloy composition. 
(Note that this paper does not consider the questions of 
whether the Li would be mechanically stable on such a 
site or whether it would naturally occupy such a site with 
reasonable probability.) Thus, for example, if we assume 
an oversimplified situation for the Li dopin.. of ZnTe in 
which there are no vacancies or other defects, and if we 
denote the concentrations of interstitial-, Zn-site, Te-site, 
and Se-site Li by [Li/], [Li Zr ], (Li Tc ), and [Li Se ], then the 
conditions for p-type character in Zn T c and ZnSe are 

-[ Li Te 3 ri- [Li Zn ] [Li, ] > 0 , 
and 

-[Li St ]m[Li Zn ]-[Li/]>0. 

Clea'ly the antisite Li could make a difference in the dop¬ 
ing character of the host, provided its concentration is 
large enough. Now, in an equilibrium situation, the Li-r e 
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concentration is likely to be exponentially stiller than 
(Li 2n ), and so Li by itself should not charge t ic doping 
character of a 1I-VI semiconductor; but this ex*.m:lit , • 
lustrates in a simple case how the concernrabrs of the 
different point defects determine the doping chs r: c: ;r 

Another interesting prediction of the theory is '.hat 0: 
vn an anion site is a (quadruple 51 ) acceptor in :oth JrS: 
and ZnTe, while remaining Isoelectronic whcr nccup\in; 
a Zn site. (See Fig. 5). This means that heavy dcpir.; 
may also make ZnSe p type. 52 

On the anion site, only Zn, Mg, Cd, Li, arc. H ami Hi 
are predicted to have different doping characters in ZnSe 
and ZnTe. On the cation site A r, F, 0, Bi, 5b, fin, Ge, Si, 
B, H and the vacancy have different doning chr.rac t:rs. 
Sec Figs. 1-4. Predicted energy levels are given in Figs. 
7-22. (Impurities with no deep levels near the funda¬ 
mental band gap behave according to the convent cnal 
rules and are not displayed.) 

It is noteworthy that the anion vacancy s a double 
donor for both ZnSe and ZnTe—as an.icipr.tec by the 
extensive self-compensation literature. Th.s is a case of 
false valence, 55 because the removal of a cotumn-Yl atom 
should add six holes to the valence band, ret two elec¬ 
trons to the conduction band. The removal of, say, Te n 
ZnTe is achieved theoretically by driving its atomic ener¬ 
gies to infinity as well as adding six holes. In the case of 
ZnTe and other II-VI semiconductors, this causes an A , 
and a 7\ level to move from the valence band into the 
conduction band. 

Within the context of the conventional self¬ 
compensation picture, each acceptor in p- type doped 
ZnSe is compensated by a dc-ble-donor anion vacancy 
generated as a result of acceptor doping. If the same en- 
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FIG. 7. Predicted deep energy levels in the gap (striped) of 
ZnSe due to j- and p-bonded substitutional impurities on the Zn 
site. The impurities are indicated on the abscissa. Their occu¬ 
pancies, when neutral, an- indicated by open triangles for holes 
and by closed circles for electrons. 
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FIG. S. Predicted deep energy levels in the gap of ZnSe due 
;o s- and pborded substitutional impurities on the Zn site. The 
.mpurit es are indicat'd on the abscissa. 


ergy that produced an anion vacancy instead produced 
an anion-site antisite Zr., then in ZnSe every antisite de¬ 
fect would compensate roughly two acceptors (or one va¬ 
cancy), but in ZnTe this would no: happen. Moreover, i:s 
ZnTe roughly every two vacancies would be compensated 
by one ar.tis.ite defect, blocking the conventional self- 
compensaticr. process. Antisits defects are common in a 
variety of semiconductors, as argued by Van Vechten and 
others. 5 ' The formation energy should be less for the an- 
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FIG. 9. Predicted deep energy levels in the gap of ZnSe due 
to s - anc p-bonded substitutional impurities on the Zt. site. Thu 
impurities a:- indicated on the abscissa. 
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FIG. 10. Predicted deep energy levels in the gap of ZnSe due 
to s- and p-bonded substitutional impurities on the Zn site. The 
impurities are indicated on the abscissa. 


FIG. 12. Predicted deep energy levels in the gap of ZnSe due 
to s- and p-bonded substitutional impurities on the Se site. The 
impurities are indicated on the z. scissa. 


tisite defect than for the vacancy, and the number of an¬ 
tisite defects to be expected at equilibrium should exceed 
the number of vacancies. Stated more simply, it normally 
costs less energy to rearrange a bond than to break it. 
Hence in most crystal-growth processes, an adequate 
number of Zn Tc defects should be created, and the self¬ 
compensation would be expected to be impotent in ZnTe 
cut not inZnSe. For example (Fig. 23), in ZnSe with one 
Na acceptor, one Se vacancy, and one Zn Se antisite de¬ 
fect, the shallow Na acceptor level is filled by one of the 
vacancy’s two electrons, with the other electron occupy- 

ZnSc Cation-site Impurity Levels 
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FIG. 11. Predicted deep energy levels in the cap of ZnSe due 
to J- and p-doped substitutional impurities on the Zn site. The 
impurities are indicated on the abscissa. 


ing the 7\ Zn deep level in the gap Heaving it with three 
electrons and three holes). Thtre ;> r.op-type conductivi¬ 
ty. In contrast, the same situ: vion in ZnTe leaves the two 
electrons from the vacancy cupying two of the five 
empty shallow orbitals of fc.'lh Na and Zn Te , leaving 
three thermally ionizable holes and p-type conductivity. 
Therefore, we propose that p-type conductivity is rather 
easily achieved only in ZnTe of the common II-VI semi¬ 
conductors because only in ZnT.: is the antisite defect 
Zn Tc a shallow acceptor rather than a deep trap. 

ZnSe Anion-site Impurity Levels 
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FIG. 13. Predicted deep energy levels in the gap of Zr.Sc due 
to j- and p-bonded substitutional impurities on the Se site. The 
impurities are indicated or, .. .• abscissa. Al (not shown) has a 
similar electronic structure ;c Ga. 
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FIG. 14. Predicted deep energy levels in the gap of ZnSe due 
to j- and p-bonded substitutional impurities on the Se site. The 
impurities are indicated on the abscissa. 
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FIG. 16. Predicted deep energy levels in the gap of ZnTe due 
to s- and p-bonded substitutional impurities on the Zn site. The 
impurities are indicated on the abscissa. 


IV. POTENTIAL PROBLEMS with THE MODEL 

Two concerns that we have about the theory are (i) an 
explanation is required of why II-VI semiconductors oth¬ 
er than ZnTe have an n-lype-doping proclivity and (ii) the 
omission of Coulomb effects from the theory could cause 
our level predictions to be in error more than we current¬ 
ly believe. 

A. n-type doping 

If the antisite defects alone occur in the same concen¬ 
trations in ZnSe and ZnTe, then one must explain why 


ZnTe Cation-site Impurity Levels 
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FIG. 15. Predicted deep energy levels in the gap of ZnTe due 
to t- and p-bonded substitutional impurities on the Zn site. The 
im -.rities are indicated on the abscirsa. 


ZnSe apparently is more easily doped r type. In our 
model, the n-type dopants must first compensate all the 
antisite defects, after which they produce donors—and 
the physics is the same for ZnSe and ZnTe. However, we 
suspect that there are fewer Zn Sc defects in ZnSe than 
comparable antisite defects in ZnTe, basically because Zn 
is more similar to Te than to Se, both in its atomic size 
and its electronic energy levels. Doping the semiconduc¬ 
tor n type with, say, Ga couM exacerbate such 
differences. Therefore we believe that the n-type doping 
differences of ZnSc and ZnTe can be plausibly explained. 


ZnTe Cation-site Impurity Levels 
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FIG. 17. Predicted deep energy levels in the gap of ZnTe due 
to s- and p-bonded substitutional impurities on (he Zn site. The 
impurities are indicated on the abscissa. 
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ZnTe Cation-site Impurity Levels 
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FIG. 18. Predicted deep energy levels in the gap of ZnTe due 
to s* and p-bonded substitutional impurities on the Zn site. The 
impurities are indicated on the abscissa. 

B. Coulomb effects 

It Is very difficult to.preciselv dc ermine the Coulomb 
effects on deep levels in II-VI semiconductors. Therefore 
we have actually executed three rather different theoreti¬ 
cal calculations which generally agree that the position of 
the Zn Te deep level with respect to the ZnTe valence- 
band edge is about 0.2-0.5 eV lower than the energy of 
the Zn Sc level with respect to the ZnSe band edge (in any 
charge state). These theories do not agree, however, on 
the precise location of the neutral Zn Tt deep level, which 
the present theory places in the ZnTe valence band, while 
the other two theories place the level near midgap (but 
with a theoretical uncertainty due to finite supercell size 
of order 1 eV). 
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FIG. 19. Predicted deep energy level? in the gap of ZnTe due 
to s- and p-bonded subv'itutional impurities on the Zr. sue. The 
impurities are indicated on the abscissa. 
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FIG. 20. Predicted deep energy levels in the gap of ZnTe due 
to S' and p-bondcd substitutional impurities on the Te site. The 
impurities are indicated on the abscissa. 

The first calculations, the ones we have described here, 
are based on an empirical tight-binding model of elec¬ 
tronic structure, and incorporate Coulomb effects only 
implicitly in the parameters of the model. These calcula¬ 
tions are, strictly speaking, for neutral defects in the ZnSe 
or ZnTe host, and do not directly consider the negative 
charging of Zn Xt as the holes in the Zn deep level bubble 
up to the valence-band maximum. This chu-ging will 
cause the deep level to move up in energy about 0.2-0.3 
eV for each additional electron trapped in the deep level 7 
(an effect omitted from the model)-—hence the Zn Te level 
may move into the gap after the first or second electron is 
trapped on the Zn (i.e., after one or two holes “bubble 
up” to the valence-band maximum)—making Zn Te a sin¬ 
gle or double acceptor rather than a full fourfold accep- 


ZnTe Anion-site Impurity Levels 



Va K Ca Zn Ga Rb Sr Cd In 


FIG. 21. Predicted deep energy levels in the gap of ZnTe due 
to S' and p-bonced substitutional impurities on the Te site. The 
impurities are indicated on thr abscissa. Al (not shown) has a 
similar elertronic structure to Ga. 
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FIG. 22. Predicted deep energy levels in th - rap of ZnTe due 
tc s - and p-bonded substitutional impurities on the Te site. The 
impurities are indicated on the abscissa. 


(a) (b) 

ZnSe ZnTe 
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FIG. 23. Illustrating (a) self-compensation in the presence of 
a Zn^ defect in ZnSe and (b) “auti-self-compensation" by Zn Tt 
in ZnTe. The self-compensation mechanism assumes that dop¬ 
ing with an acceptor such as Naj„ leads to production of a com¬ 
pensating double-donor anion vacancy. For simplicity we as¬ 
sume that there are only three defects: Na z „, the r.nion vacancy 
v ’ 2 Jmon. and the Zn-antisites Zn St and Zn Te . In both cases, an 
electron (solid circle) from the anior. vacancy’s shallow donor 
level comper.-.itcs (solid lines) the hole (open triangles) of the 
^ a Zn defect’s shallow acceptor level. The remaining vacancy 
electron is trapped (dashed lines) (a) by the Zn^ deep level in 
ZnSe or (b) by the shallow- acceptor level in ZnTe, because the 
holes of the Zn-f, deep 7"; level have bumbled up (wirely lines) to 
the shallow acceptor level. The remaining three holes in the 
Zn Tt shallow level are thermally ionizable in ZnTe, render the 
self-compensation by the vacancy impotent, and dope the ma¬ 
terial p type, whereas the holes in the deep level of ZnSe are not 
thermally ionizable, so that the Znj, level traps both electrons 
and holes, reducing conductivity. 


ter Thus the qualitative physics governing doping pro¬ 
clivity will tie the same, although the number of free 
holes per defect will be smaller, so long as the deep level 
of the neutral Zn Te defect is correctly predicted to lie 
below (tie valence-band maximum. 

The second 7 and third' 5 theories are local-density 
neo' es for a defect in a supercell of finite size, and pro¬ 
duces levels for the neutral defect Zn T{ somewhat higher 
than the levels of the present theory. However, due to 
the finite size of the supcrcells, the predicted levels are ac¬ 
tually bands of order 1 eV wide. Furthermore local- 
density theory is known to produce incorrect band 
gaps — and this can lead to errors in deep-level energies. 50 

The second theory is the tight-binding-like version of 
local-density theory discussed by Jansen and Sankey, 7 
while the third is a pseudofunction 55 implementation of 
local-density theory. We executed the pseudofunction 
calculations for supercells of A’, = 16 and A', =32 atoms, 
and found that (relative to the valence-band maximum) 
the deep level moved down in energy with increasing su¬ 
percell size, as the level’s width decreased. Perhaps the 
local-density-theory levels of Zn Te would also lie in the 
valence band if the supercell size were increased until 
convergence were achieved. 

We conclude on the basis of these theories that we can¬ 
not definitively place the neutral Zn Tc deep level below 
the Zn Tt valence-band maximum — nor can we place it in 
the gap definitively. Therefore the issue of the location of 
this level will have to be determined experimentally. 

In this regard we note that Li doping produces a mys¬ 
terious deep level in ZnSe just above the valence-band 
maximum, 4 ' and no corresponding level in the gap of 
ZnTe—as the present (first) theory predicts. While this 
fact lends credence to the present theory, it does not 
confirm the theory unambiguously (because the nature of 
the Li-related defect is unknown). 

We conclude that there is good circumstantial evidence 
for the Zn Tt defect yielding a ri.-p level in the valence 
band of ZnTe, the kind of deep level needed to explain 
the p-type doping proclivity of ZnTe. The case is not air¬ 
tight, appears to be unresolvable by theory, and calls for 
careful experimental investigation. In particular, careful 
studies of the dependence of doping proclivity on 
stoichiometry and on alloy composition in ZnTe,_ x Se x 
might confirm or exclude the present model. (Note that a 
rather sudden, change in doping proclivity as a function 
cf alloy content x is implied o; the present mode!.' 

V. SUMMARY 

The viewpoint presented here is admittedly somewhat 
oversimplified in the intetest o: illustrating the essential 
physics of the problem. Nevertheless we hope that efforts 
to test this simple picture will be attempted because, if 
the picture is correct as we believe, then schemes for 
overwhelming the p-type doping problem in some other 
11 - VI semiconductors than ZnTe will be feasible. 5 Two 
obvious schemes are (i) to grow ZnSe under conditions 
unfavorable to Zn Se formation, and .ii) to engineer the 
electronic structure of a perturbed version of ZnSe so 
that the antisite defect’s deep level is resonant with the 
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valence band. 

Finally our conclusions are based only on the oc¬ 
currence of defects with deep-level electronic structures, 
similar to those predicted for the Zn (and Li) antisite de¬ 
fects. The model for the p-,ype doping will still be valid 
if another defect has similar electronic structures in ZnSe 
and ZnTe. Furthermore the model does not rely in any 
way on a detailed picture of the “self-compensation” pro¬ 
cess or a knowledge of the detailed forces on defects. 
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Scanning tunneling microscope images of native antisite defects at the relaxed (110) surface of 
ZnSe are predicted. The images of a particular sample depend bn the sign of the voltage bias and 
the voltage sweep of the sample.relative to the microscope tip, and whether that sweep causes a 
deep level to actively participate in the tunneling. Under certain conditions the images give the 
appearance of two defects at incorrect sites. 


I. INTRODUCTION 

In this paper we report the first theoretical scanning tunnel¬ 
ing microscope (STM) images of surface antisite defects on 
the ZnSe( 110) surface. This work was stimulated by mea¬ 
surements imaging 11-VI semiconductor surfaces by scan¬ 
ning tunneling microscopy, 1 following earlier experiments 
on GaAs. :,J We follow the theory of TersofT and Hamann 4 
who have argued that an ideal STM obtains an image 

7(r) -p£2,.». R 

X (i,b,R\S(E - H) |/,&,R) |^,(r - R -v»)|?. 

Here we have S(E-H) ■* ( - 1/jt) Im G(E +,0wltere 
j0 is a positive imaginary infinitesimal and G i' ^s Green's 
function for the relaxed (110) surface. The jndex / ranges 
over the basis orbitals, 3 with the values *;p M ,p,,p„ and s* 
(an excited-state orbital 6 ); the position of an atom is de¬ 
noted by its unit cell R, and,its sits v* in the cell, where b 
denotes either anion or cation, the ^,(r — R-v») are 
Lowdin orbitals centered on R -f v 6 . Electrons tunnel from 
the tip to the ZnSe conduction band when the sample is bi¬ 
ased positive; and we integrate from a * E e (the conduc¬ 
tion-band edge) to/? ~E e + Eo, where E„ is typically 1 eV, 
and add in the contribution fromuny empty deep levels in 
the gap (hit lie within t v */ the voltage sweep. A 
negatively biased ZnSe sample re/.ative to the tip senses elec¬ 



Fig. I Predicted STM image Hx.y.:) for a relaxed perfect ZnSe( 110) sur¬ 
face wish a tip-sample distance -• = 5 ir ll4l ,, under negative bias. Note that 
the Se atoms arc prominent. The units tn the .v- and /-directions are A. 


trons below the valence-band maximum E v , and we inte¬ 
grate from a = £ s — E 0 to0 * £„,and add in the contribu¬ 
tion of any occupied deep levels in the gap within the range of 
the voltage sweep. Here. we compute the STM image ob¬ 
tained by measuring ths current I for a tip at a fixed distance 
z above th tx~y plane, which corresponds to the plane of the 
unrelaxed (11C) surface. In the present work, we use the. 
typical value r 5 where t Ur » 0.S3 A, and sum R 
over 25unitcells on the surface. (Subsurface contributions 
are negligible.) 

Our calculations of STM images employed established 7 
'empirical tight-binding Hamiltonians H tt and H M * to repre¬ 
sent the relaxed perfect and defective ZnSe( 110) surfaces, 
respectively. The relaxation consisted of a rigid rotation of 
the anions up out of the surface plane through an angle 
a * 23.6*. ,<M4 Details of the caiculational method, which is 
based on the ideas of Yogi et al., b Hjalmarcon et a!.,* and 
Allen et a/. 9>ls are available elsewhere. 16 

II. RESULTS 
A. Parfact surface 

The images calculated for the perfect relaxed (110) sur¬ 
face of ZnSe are given in Figs. 1 and 2 and, as expected, show 
bumps at the Se and Zn sites, for negative and positive bias 
(of the sample with respect to the tip), respectively. 



Fig. 2. Predicted STM image Hx.y.;) for a relaxed oeikct ZnSct 110) Mir- 
face, under positive bias. Note that the Zn atoms are prominent. 
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Fig. 3. Predicted STM image l(x,y,:) forarelaxedZnSe(ltO) surface with 
a Zn v defect at the cross, under negative bias such that the deep level is not 
in the tunneling region (see the inset). Note the depression. 



Fig. J. Predicted STM image Hx.y.:) for a relaxtd ZnSe( 110) surface with 
a Se 2n defect at the origin, under negative bias such that the deep level lies in 
the tunneling region (see the inset). Note the two peaks at adjacent Se sites. 


B. Defective surface 

The images of defective surfaces depend on the bias condi¬ 
tions, band bending, cod the Fermi energy. Here we discuss 
some representative images. 

1. Zffgf 

When the Zn on Se-site antisite defect, Zn*, is present at 
the surface, it produces an empty deep level, capable of con¬ 
taining two electrons, a 1,18 eV above the valence-band 
maximum at the surface. Under negative bias, if the deep 
level is unoccupied, electrons from the ZnSe valence band 
produce a tunneling current and Zn* is visible as a slight 
depression at its site (Fig. 3). Under positive bias such that 
the deep level is unoccupied but resonant with the tip’s Fer¬ 
mi sea, two small peaks emerge at the sites adjacent to the 
surface defect site (Fig. 4). The qualitative features of the 


image are sensitive to the surface deep level structure and 
depend on the sign of the bias Voltage. 


2.S0. 

The Se 2l) antisite defect behaves somewhat differently 
when imaged. The neutral surface defect has a doubly occu¬ 
pied deep level a 0.42 eV above the valence-band edge at the 
surface, which, when above the tip’s Fermi energy, produces 
a two-peaked intake—with the peaks at neighbors to the de¬ 
fect. (See Fig. 5.) This happens because the neighboring Se 
atoms have rotated up out of the surface and are closer to the 
tip and because the efect’s electronic state has an antibond¬ 
ing character, placing significant wave function amplitude 



Fig. 4, Predicted STM linage Hx.wz) for a relaxed ZiiSe-110 surface with 
a Zn v defeel at the cross. under positive bus such that tunneling into the 
deep level occurs (see (lie inset) Note the two peaks al adjacent Zn sues. 



Fig. 6- Predicted STM image hx.y.:> fora relaxed ZnSe (110> surface with 
a Se, m defect at the origin v »,i'«* 0 .mdu positive bus such that tl.e deep 
level is not lit the range of tunneling energies (see the inset) Note the slight 
depression ai the defect site. 
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on the neighboring atoms. Finally, a positive bias as in Fig. 6. 
leads to a slight depression at the defect site (Fig. 6). 

III. SUMMARY 

We find that the ideal STM images of antisite defects are 
not always bumps, but sometimes are depressions or even 
two-peaked structures—depending on (i) whether of not 
the voltage sweep causes the defect’s deep levels to partici¬ 
pate actively in the tunneling and (ii) the proximity of the 
defect to the tip. These facts complicate the analyses of STM 
data, and indicate that careful experiments combined with 
careful analyses are necessary. These complications are in 
fact advantages, however, because they will help in the iden¬ 
tification of surface defects. 
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The standard n-type dopant Ga is predicted to change its character from a shallow donor to a 
deep trap with increasing alloy composition x in Zn, _ x Mn x Se. As a result, Ga-doped 
Zn, _ x Mn x Se alloys should be n type for very small x, but not for Mn*rich material. 


ZnSe is a wide band-gap II-VI semiconductor that is 
rather easily doped n type, 1 but has been extremely difficult 
to dope p type until recently. 2,3 The standard n dopant is Ga, 
which occupies a cation site. In this letter we consider the Ga 
doping of Zn, _ x Mn x Se alloys and predict that there exists 
a critical value of the Mr. composition x, x e , such that for 
x> x e Ga will not be a donor in Zn, _ x Mn. t Se and, hence, 
will not dope Zn, _ x Mn, Se n type. 

Our predictions arc based on the concept of a shallow- 
deep transition in which a:; s-like A , symmetric “deep" level 
of Ga lies above the conducricn-band edge of ZnSe, donating 
its extra electron to the conduction band (see Fig. >1). With 
increasing alloy composition x, the conduction-band edge 
moves up in energy with respect to the Ga A , deep level and 
passes through it, leaving the level as a trap in the gap capa¬ 
ble of capturing a second electron of opposite spin (and re¬ 
moving a carrier from the conduction band). 

The theoretical predictions for the energy of the Ga deep 
level as a function of the Mr. concentration x are given in Fig. 
2, along with the conduction-band edge's dependence onx. 
For x < x t , Ga is a donor and an n-type dopant, but for x > x f 
neutral Ga is a deep trap. The theory is basically the Hjai- 
marson etal. theory of substitutional deep impurity levels. 4 " 
modified'' 4 ' to account for the d states of Mr. (which do not 
play a significant role, because the spin-up d states lie well 
beiow the valence-band maximum and the spin-down states 
are well above the conduction-band edge 11 ). The theoretical 
uncertainty in the predicted deep level energy for the Hjal- 
marson model is typically a few tenths of an electron volt, 
and so the predicted value of x f » 0.09 may be uncertain by 
about 0.05. Nevertheless, the Hjalmarson model has a long 
history of successfully predicting chemical trends, and the 
qualitative dependence of the Ga level on alloy composition 
(Fig. 2) should certainly be observed. The major implica¬ 
tion of the pr * diction is that growing Mn-rich, Ga-doped, /»- 
type Zn, _ x Mn,Se should be very difficult, even though 
Ga-doped ZnSe itself is normally n type. Other column III 
dopants should exhibit this same behavior, although x c will 
be slightly larger by about 0.03-0.04 for the heavier atoms In 
or Tl. 

Such shallow-deep transitions of deep levels are well 
known in semiconductors and profoundly alter the electrical 
or optical properties of the hort- Perhaps the best-studied 
case is .Vir. GaAs, _ ,P A . which produces an isoelectronic 
deep level in the gap for x > 0.2, but moves into the conduc¬ 
tion jand for As-rich material, x < 0.2. 1 This -V ’evd plays 
a prominent role in the electroiutninescence of GaAs,. P. v . 
The DX center in Al x Ga, _As is another case. This center, 
which is very likely associated with Si or a similar do¬ 


nor, 4-12 * 14 descends from the conduction band of GaAs into 
the gap with increasing x, much as Ga does in 
Zn, _ x Mn x Se. The DX center is technologically important 
because it limits the fabricatici' of high electron mobility 
transistors (HEMTs). 

The experimental evidence supporting the prediction of 
a Ga shallow-deep transition in Zn, _ x Mn x Se is presently 
fragmentary and qualitative: Ga dopes ZnSe n type but Ga 
doping of Zn, _ x Mn x Se, even with only rr.od.-st amounts of 
Mn. has not yielded a significant.number of carriers. 15 Sys¬ 
tematic studies of Zn, _ x Mr. x Se alloys are needed to tes; the 
picture presented here. 

One possible way to test the theory is to apply hydrostat¬ 
ic pr-asure to Ga-doped Zn, _ x Mr. x Se and monitor the car¬ 
rier density. For pressures of 30 kbar, the conduction-ban. 
edge should move 16,17 above the Ga deep level for x> 0.07, 
causing an abrupt drop in the number of carriers. 
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ZnSeiGa Zn 05 Mn 05 Se:Ga 
Donor Trap 

(a) to) 

FIG. 1. Schematic illustration of the shallow-deep transition of Ga in 
Zn,. ,.Wn,Se. (a) Forx-0. theGa.-t, symmetric deep level is resonant 
with the conduction band. The extra electron associated with this column 
III impurity on aeolumn II sitespillsoui ■:.••• i.-'-el and falls to theconduc- 
lion-band edge, ionizing the Ga. The v'-.uu.iv.o potential of the ionized Ga 
then binds the electron in a hydrogen*, t ..ll-w donor state (at zero tem¬ 
perature). tb) for .e ■> jt. . the deep s:rtc :io in the fundamental .band gap 
with the conduction-band edge at higt.'-i energy, and is.- neutral.Ga deep 
level contains one electron (circle) and one hole (mangles. -:ud can trap an 
electr. of opposite spin, depleting a carrier from tne conduction band. The 
energy scale of this diagram is distorted lor illustrative purposes. 
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n-typ* stmi-insulating 



X -v 

FIG. 2. Predicted energies (in electron volts) of the conduction-band edge 
(light solid line) and the cation-site Ga deep level (heavy) vs alloy compo¬ 
sition x in Zn, , Mn, Se. For x<x, the Ga deep level is autoionized and 
the extra electron is trapped in (he Is hydrogenic shallow level (dashed) at 
zero temperature. Thermal excitation of this level causes the material to be 
n type. Forjc>.t,, Ga is a deep trap and tends to make Zn, , Mn, Se semi- 
insulating. 


We believe that shallow-deep transitions such as the one 
described here play a significant role in thf* doping problems 
experienced by II-VI semiconductors. Subsequent work will 
deal with the complexities of p doping and propose schemes, 
based on the idea of shallow-deep transitions, for achieving 
p-type conductivity in ZnSe. We hope that the picture we 
have presented here will be tested experimentally. 

We are grateful to the Defense Advanced Research Pro¬ 
jects Agency (contract No. N0530-0716-09), and the U. S. 
Office of Naval Research (contract No. N00014-84-K- 
0352) for their generous support. Wealso thank R. Gunshor 
for stimulating discussions of the doping problem. 
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It is predicted that thin quantum-well supf attices or spike super’-ttices of GaAs in ZnSe will 
produce band gaps in the yellow-green, and that (GaAs), _, (ZnSe), spikes will lead to green 
and blue-green gaps. These thin quantum-well structures should have better doping properties 
than ZnSe for x < 0.6. 


I. INTRODUCTION 

Diffraction-limited optical storage on compact disks 
has stimulated the quest for light emitters with short wave¬ 
lengths in the green-to-blue portion of the spectrum. The 
semiconducting materials most often considered for such 
applications are II-VI compound semiconductors 1 and A- 
based III-V semiconductors, such as In, _ , Ga, N. : The N- 
based III-V’s are difficult to grow and dope, and have unde¬ 
sirable large shallow acceptor binding energies, whereas the 

II- VI’s generally suffer from the “doping problem”; it has 
been very difficult to dope most II-VI’s p type, with the ma¬ 
jor exception being ZnTe, which resists n doping. While 
there have been some recent advances on the II-VI doping 
problem, 3,4 one cannot avoid wishing that a well-understood 

III- V semiconductor such as GaAs had a band gap in the 
green or blue, a material that is dopable both n and p type, 
and integratable in p-n junctions and artificial microstruc¬ 
tures. The purpose of this paper is to predict that thin GaAs 
layers or “spikes” embedded in ZnSe should have band gaps 
in the yellow-green, and that interdiffusion of the GaAs 
spikes with the.ZnSe should increase the band gap to the 
blue-green. Furthermore, we shall argue that the 
(GaAs), _* (ZnSe), spikes for x <0.6 will be largely free of 
the doping.problems that have traditionally limited ZnSe 
and other II-VI semiconductors. 

II. BAND 

Our approach is based on the theory of the electronic 
structure of superlattices and deep levels in superlattices. 5 ** 
We consider N^ t N ZnSt (001](GaAs),(ZnSe, )/ZnSe 
superlattices where is small, typically less than 10, and 
N ZnSt is large, typically 10 or greater. (A 1X lOGaAs/ZnSc 
superlattice consists of one two-atom-thick layer of GaAs, 
alternating with 10 layers of ZnSe.) The 
(GaAs), _ , (ZnSe)* is treated in the virtual crystal approxi- 
mation. 1 ' These superlattices are, for all intents and pur¬ 
poses, lattice matched; hence, their theoretical treatment is 
the same as for GaAs/Al A Ga, _,As superlattices. 5 " 10 The 
GaAs/ZnSe valence-band offset has been measured to be 
0.96 eV," and is assumed to be a linear function of alloy 
composition .t. The parameters of the superlattice Hamilto¬ 
nian are known for GaAs and ZnSe, i: but we update the 


ZnSe parameters here to account for the determination of 
the (low-temperature) ZnSe band gap at T of 2.8 eV. 13,14 
The resulting band-gap predictions for selected values of 
A, pike and x, with N ZnSt - 10, are given in Fig. 1. The gaps 
are direct, with the superlattice conduction-band minimum 
at the T point of the mini-Brillouin zone; the quantum well is 
Type I: The superlattice conduction- and valence-band 
edges lie at energies within the fundamental band gap of 
ZnSe. Hence, the spikes should meet the conditions for lumi¬ 
nescence: (i) the carriers will thermalize to the 
(GaAs),(ZnSe), layers of the material; and (ii) elec¬ 
trons and holes will have the same wave vectors and there¬ 
fore satisfy the crystal-momentum selection rule for recom¬ 
bination. 

Having a direct band gap is a necessary, but not suffi¬ 
cient, condition for a semiconductive ligrt-emitting diode 
material. In addition, the semiconductor must be dopable 
both n and p type. This is not a problem in bulk .GaAs, but ", 
in ZnSe, which is difficult to dope p type. Tht ause of the p 
doping problem in ZnSe is thought to be a distribution of 
deep hole traps within —0.3 eV of the valence-band maxi¬ 
mum. 15 Therefore, if our spike superlattices are to be doped p 
type, those deep levels must be covered up by the superlattice 
vale^e-band so that they cease trapping holes. To achieve 
this, the superlattice must have its valence band maximum at 
least 0.3 eV above the valence maximum of ZnSe (see Fig. 
2). This implies normally that x must be less than 0.5 and the 
wells must have widths corresponding to :V >plke = 2 or more 
diatomic layers. 

The energy, band lineups are displayed in Fig. 3 for 
IX10 GaAs/ZnSe. Note that most of the band offset is in 
the valence band, and that the energy of the conduction band 
edge, when measured relative to the ZnSe valence-band edge 
(Fig. 2), is relatively independent of laser thickness and al¬ 
loy composition. Therefore, by altering the alloy composi¬ 
tion of the (GaAs) i _ , (ZnSe), we arc, in effect, tuning the 
absolute valence-band energy. With this approach we can 
cover up deep levels that might otherwise trap holes and 
adversely affect *!.e p doping of the material. Once covered, 
any holes in the deep levels are autoionized and become car¬ 
riers. Thismethod for eliminating deep traps has beer, pro¬ 
posed for eloping ZnSe p type, and explains the relative ease 
with which ZnTe can be doped p type (in contrast with most 
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Into GaA*/ZnS* (001) SuptrtMtic* 



FIG. I. Predicted band gaps (in eV) of .V 4rik , X10 (GaAs), _,(ZnSe),/ 
ZnSesuperlattices vs A^,. Gaps for* = 0,0.25,0.5, and 0.75 are denoted ; 
by open squares, open triangles, closed squares, and closed triangles, respec¬ 
tively. 


other II-VI semiconductors). 13 

The ZnSe, when interdiffused with the GaAs, will pro¬ 
vide GaAs with both donors and acceptors, and in the ideal 
limit will yield perfectly compensated material. By carefully 
controlling the growth conditions, it should be possible to 
dope the spike either it type or p type with Se or Zn, which are 
shallow acceptors and donors in GaAs. It should even be 
possible, with masking, to fabricate a p-n junction in a single 
spike. 

Impurities that normally do not adversely affect GaAs 
can be problems in spike GaAs. Because the GaAs band gap 
has been widened so much, impurities that were shallow do¬ 
nors or acceptors in GaAs might become deep traps in the 
spike superlattices. Such shallow-deep transitions have been 
observed in III-V alloys. For example, an anion site A' impu¬ 
rity in GaAs, P, produces a deep level resonant with the 



FIG. 3. Energy-band alignments for a 1X10 GaAs/ZnSe (001) superlat¬ 
tice. The band gaps of ZnSe, GaAs, and the superl.’.ttice (SL) arc 2.8,1.55, 
and 2.32 eV, respectively. The superlattice band edges are denoted by 
dashed lines. The zero of energy is the valence-band maximum of bulk 
ZnSe. 


conduction band in GaAs, which becomes uncovered as the 
gap widens in those alloys, 16 so that # becomes a deep trap. 
Similar behavior has been observed for the donor Si 0 , (and 
the related DX cecter) in Al*Ga, _ , As. 17 However, we do 
hot find such behavior for Si or N ir. our spike superlatives, 
mostly because the conduction-band edges in these superlat¬ 
tices are so independent of layer thickness and alloy compo¬ 
sition. Nevertheless, some levels near the valence-band max¬ 
imum do undergo such a shallow-deep transition. For 
example, Zn, nio „ is a deep trap in the quantum well of a 
1X10 GaAs/ZnSe superlattice (see Fig. 4) but lies in the 
valence band of bulk ZnSe. Finally, the native point defects, 
the antisite defects Se Ga , Zn A ,, and As c ,, and the vacancies 
Va<j» and Va As can produce deep levels in the superlattice 
gap, as shown in Fig. 4, and contra 1 of their concentrations 
ma> be required. 


DmP levels in GaAs layer 
1x10 GaAs/ZnSe (001] superlattice 




FIG. 2. Predicted conduction- and valcmt-band edges (in .‘V) for 
•'",f,k«Xl0(GaAs),., tZnSe),/ZnSe superb {tiers. for various x, using 
the notation o i ,g. I. Note that the major vari' onsa.einthcvalenceband. 
The zero of energy ts the valence-bji-<’ — . • inn o jf bulk ZnSe. The materi¬ 
als with valence-band maximum above ••..**■ .itould not be plagued by 'he 
p doping problems experienced by ZnSe (see Ref. 15). 


FIG. 4. Native defect deep levels in or near the baud gap of 1x10 
GaAs/ZnSe for (a) the cation site and (b) the anion site. Va denotes a 
vacancy. Open triangles (closed circles) det.' ,e holes (electrons) occupy¬ 
ing the deep levels for a neutral defect. For the As-site vacancy, the electron 
in the deep level above the conduction hand edge is autoionized and falls to 
the conduction-band edge, becoming a shallow donor electron. Similarly, 
the Ga, u holes bubble up to the valence-band masunum. The zero ofenergy 
is the valence-band maximum of bulk ZnSe. 
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III. SUMMARY 

The theory presented here should be quite reliable. A 
similar theory of 1X1 GaAs/AlAs [001 ] superlattices pre¬ 
dicted a band gap of 2.1 eV, in comparison with the experi¬ 
mental value of 2 eV. 18 Thus, the band-gap predictions are 
likely to have an uncertainty only of order 0.1 eV. 

Another theoretical study of GaAs/ZnSe [001 ] super¬ 
lattices, based on our electronic structure model 12 (but with¬ 
out the new parameters' 4 ) has been presented, 19 with similar 
results to ours for x = 0. However, that theory was directed 
toward the core exciton problem rather than short wave¬ 
length light emission, and did not consider the possibility of 
modifying the GaAs in order to achieve blue-green lumines¬ 
cence. 

We hope that these theoretical predictions will stimu¬ 
late efforts to grow ZnSe with GaAs spike quantum wells. 
While such growth will require great skill, it sKould be feasi¬ 
ble. 

Finally, we note that even larger band gaps should be 
achievable with (GaAs), (ZnSe)* spikes in 
Zn^Mn^Se. 20 
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We have used the pseudofunction method to compute self-consistent spin-polarized energy bands 
for La 2 Cu0 4 . The ground state is found to be semiconducting and antiferromagnetic (AF) with a 
moment of 0.35/*,. The net moment restating from the occupation of 82 itinerant bands is localized 
on the Cu atoms only. Our results agree with experiments in which La 2 Cu0 4 is found to be semi¬ 
conducting and AF with a moment on the Cu atoms of (8.35±0.05)/*, (neutron scattering) or in the 
range 0.2/*, to 0.6/*, (muon-spin resonance). Sr is found to produce holes on the out of plane O 
contrary to the assumption used in many strong-correlation theories of superconductivity. 


The pseudofunction (PSF) method 1 with a local-density 
potential 2 has been successfully used to compute spin- 
polarized energy bands for Ni and MnTe. 3 The good 
agreement with experiment encouraged the use of this 
method for the new superconducting materials such as 
Sr-doped La 2 Cu0 4 , hereby denoted in short as (2:1:4). In 
this paper, we present self-consistent spin-polarized 
local-density energy-band results for pure and Sr-doped 
2:1:4. The ground-state energy bands are semiconducting 
and antiferromagnetic (AF) with a moment of0.35/* a on 
the Cu atoms. One Cu-0 hybrid state is split off by the 
AF correlation to give a semiconductor. The moment is 
nonintegral because of the strong hybridization between 
0 and Cu at the Fermi surface. A magnetic ground state 
is found to be stable even in the metallic state when Sr is 
substituted for La. For example, an AF state with a mo¬ 
ment of 0.09 n B is obtained when half of the La atoms are 
replaced by Sr atoms. Thus, contrary to widespread be¬ 
lief, band,theory quantitatively accounts for the magnetic 
properties of 2:1:4 and suggests that the magnetic state is 
not observed in doped samples as the disorder overcomes 
the magnetic order. 

The spin-polarized band model with a local-density po¬ 
tential has been used by several investigators to attempt 
an understanding of the AF and semiconducting behavior 
of 2:1:4. 4 These spin-polarized calculations with other 
methods find the ground state to be nonmagnetic and me¬ 
tallic contrary to experiment. We believe the reason that 
these attempts did not yield the correct ground state is 
that the bands at Ef are too broad. Specifically, for non¬ 
magnetic calculations, the 2:1:4 bands are doubly-degen¬ 
erate on the hexagonal face of the orthorhombic unit cell. 
Semiconductivity can be obtained only when this degen¬ 
eracy is lifted. These bands are only 0.17-eV wide for the" 
PSF method. 5 The other techniques find these bands to 
be approximately 0.5-eV wide. Thus, the magnetic corre¬ 
lation needed to split a 0.5-eV-wide band is far stronger 
than that needed for a 0.17-«V band. Finally, we show 


that the nonspherical part of the crystal potential need be 
expanded in at least IS 625 plane waves to obtain the AF 
ground state. We believe this to be the key to the 
differences with other methods. 

There are many proposals of superconductivity based 
on the coupling via magnetic excitations both local and 
nonlocai. Such theories of superconductivity are well do¬ 
cumented 6 in the literature and will not bqj-eferenced 
here. We will only point out that we find the band to 
be at the Fermi energy as postulated by Lee and Ihm. 7 
They accounted for superconductivity with a two-band 
model (broad band and narrow band) which we find to 
be appropriate. A more detailed two-band model 6 using 
local densities of states from the band theory for the 
broad Cu-0 band and a Cu-0 band in the z direction can 
phenomenologically account for the magnetic and super¬ 
conducting properties of pure and doped 2:1:4. 

The spin-polarized PSF method has been tested for fer¬ 
romagnetic Ni and antiferromagnetic MnTe. 3 The re¬ 
sults for Ni agree with those in the literature. For MnTe, 
we find the antiferromagnetic state to be more stable than 
the ferromagnetic state in agreement with experiment. 
Calculations for MnTe with the linearized augmented 
plane-wave (LAPW) method’ also find that the antiferro¬ 
magnetic state is more stable than the ferromagnetic 
state. K on Si is another example of success for the PSF 
method. The PSF method predicted the K-Si bond 
length to be 3.3 A (Ref. 10) whereas the pseudopotential 
method predicted the bond length to be 2.59 A. 11 Subse¬ 
quent, surface-extended x-ray-absorption fine-structure 
(SEXAFS) experiments 1 ^ give a bond length of 3.15 A 
which is very similar to the PSF result. 

The PSF method has a local orbital basis set employing 
the full potential including the.'core states (see the Appen¬ 
dix for details). The computation is done in Fourier 
space for computational efficiency just as the time- 
consuming parts of matrix element, evaluation is done 
with the fast Fourier transform. Fnr?-M 
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is expanded:inl5625planewave$; -‘The. very accurateex-- 
pansion.of the potential is essential in obtaining the 0.17- 
eV-wide band at-the-Fermi energy. A less accurate .po--, 
tential gives broader, .bands. ;Nine s, p, and ((.basis func¬ 
tions were used on the La and Cu atoms with r,psetson 
the O atoms. The basis functions are continually charged 
during iteration-to self-consistency in order to optimize- 
the description of the charge density.-. Identical results 
are obtained whether or not; the. 6 atoms were started., 
with a spin state. The calculation was first brought to 
self-consistency, with only a'single K point in’the itera¬ 
tion. A four-point sample wasnext used;" The final itera¬ 
tions were done with eight &;points. The average devia¬ 
tion in the potential between the input and output poten¬ 
tial at 10% mixing was 1.1 mRy, with a maximum devia¬ 
tion of 7 mRy. The moment of the Cu sites increased by 
about 0.02p B on going from a four-point sample to an 
eight-point sample. Subsequently, the calculations have 


c been-redone;-in‘.entirety: with a.general set .of eight k 
points. The moment is unchanged to ±0.01 fi B and the 
- bands are virtually, identical. 

, In Fig., 1, the spin-polarized bands near Ef are plotted 
-for 2:1:4; The band gap between.filled and empty states 
varies from approximately 2 eV at T to 0.06 eV on the 
-..hexagonal face. The bands are relatively fiat in the Z 
direction because of the layered structure and are not 
..shown. For.the.hexagonal face, the bands are narrow 
and doubly degenerate for a self-consistent field (SCF) 
non-spin-polarized calculations.* -For spin-polarized 
bands, the-gap varies from 0.35'eV-at X and M to 0.06 
along the M-to N and N to S directions. The necessity 
that bands be narrow on this hexagonal face thus be¬ 
comes obvious since the spin effect which gives the semi¬ 
conducting gap varies from 0.35 to 0.06 eV. This band is 
0.17-eV wide for the PSF method 5 and approximately 0.5 
eV for other methods. 4 At internal points of the Bril- 



FIG. 1. Spin-polarized energy bands near the Fermi energy for (a) La 2 Cu 04 and (b) LaSrCuO*. 
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louin zone, the gap is large. This gap existed.-even for 
nori-spin-polarized energy bands. • iThus, the. spin- 
polarization effect isonlyopeninga gap.at.a small:per¬ 
centage of the points within the Brillouin. zone. An ap¬ 
proximate measure of the number of points at-which anti¬ 
ferromagnetism opens a gap is a skin depth on the hexag¬ 
onal face divided by. the volume which 1 , would be a.small 
number. This is probably a unique feature of the layered 
Cu-0 materials because the number of electrons is impor¬ 
tant. . .. - ■ • 

The indirect gap in Fig.. 1(a) is as little as'0.01 eV. We 
were concerned that if the indirect gap were, less than 
zero and a metallic state was obtained, the moment on 
the Cu atoms might become zero. Thus, the bands- were 
iterated to SCF with an extremely poor sampling of k 
space using the points S, L,.N; M, and X . The binds 
remain essentially unchanged except that the bands at L 
overlap the bands at N by. 0.03 eV to: give a-metal; The 
moment on the Cu atoms increases to 0.39/ij. This result 
indicates that our moment is not sensitive to small 
changes in band structure which produce:metallic over¬ 
lap. Alternatively, we believe nesting does not have to be 
exact to obtain the magnetic ground state as would occur 
at small Sr-dopant concentrations. Since band theory 
cannot be performed for small * deviations from 
stoichiometry, we suggest that the above-computations 
for a metallic state suggest that the antiferromagnetic 
state is stable for small dopant concentrations. / Small 
dopant concentrations of Sr.probably, would: hot yield a 
metallic state because of the narrow bands, at E { and 
small overlap between carriers. Disorder would also 
create a mobility gap at low carrier concentrations. 

It is important to understand the.magnetic behavior as. 
a function of Sr doping. The optimal superconducting 
transition temperature-is observed at the large doping 
level of 0.15 Sr. Calculations have been performed on 
2:1:4 where one-fourth and one-half of the La atoms are 
substituted by Sr. The dependence of the magnetic mo¬ 
ment as a function of Sr is thus obtained. 

The AF moment is obtained by integrating over all 
spheres. A value of 0.35/x fl is obtained. An important 
understanding can be obtained by computing the charge 
within spheres about the different sites. In Table I, thb 


amount.of-charge within the Cut sphere (il— 0.98 A), La 
sphere (£.= 1.49.A), and:Oisphere'(R=0.86 A) is tabu- 
latedfor spin-up and spin-down bands-for. both the pure 
and dopeid 2:1:4. The O.atoms are:labeled according to 
the type.of. coplanar metal atom. For. 2:1:4, the first. Cu 
atom has a- net spin down of 0.35 electrons (4.33 —4.69). 
The.O atoms are identical in spin density indicating that 
the spin is localized, to the Cu atom. Even though the 
band picture is an itinerant picture,.moments localized to 
the metal atoms are-obtained.. For:25%.-Sr.doping, the 
moments on the Cu are 0.35 fi B and 0'.32/x j,. which is indi¬ 
cative of small ferrimagnetism. At 50% doping,- mo¬ 
ments of 0.09jti fl are obtainwi on the Cu atoms with anti¬ 
ferromagnetic behavior. The O atoms within the Cu-0 
basal plane do not have a moment at any level of Sr dop¬ 
ing. For 25% Sr, the O atoms adjacent to the Sr and 
Cu(2) develops a small moment of 0.06 n B . Thus, the mo¬ 
ment on the Cu atoms will remain at a large value for Sr 
doping up to 25% with a slow decrease at higher levels. 
The 0 atoms may also participate depending on the dop¬ 
ing level. 

Spin-polarized energy bands cajculated for LaSrCu0 4 
are shown in Fig. 1(b). The bands are quite similar in ap¬ 
pearance to-those for pure 2:1:4. Because one-half of a 
band has been depopulated, the Fermi energy falls in the 
middle of the-Cu-0 band associated with the orbital 
and O perpendicular to the plane. 

Evidence for both spin and charge fluctuations via the 
apex 0 can be found in Table I. As the charge density 
and net spin on the O atoms in the base arc independent 
of Sr content, we conclude that the basal O atoms do not 
participate in fluctuations. First, we consider fluctua¬ 
tions for 25% doping since this is closer to experiment at 
0.15 Sr. Pure 2:1:4 has a charge of 9.03 (4.34+4.69) on 
the Cu atoms .and 2.62 on all O'.' For 25% Sr, the net 
charge on Cu atoms is reduced’ to 8.98 electrons, an in¬ 
crease in Cu valence of 0.05 electrons. The O(La) and 
O(Sr) have moments of 0.0 6fi B by reducing its spin-up 
character by 0.06 e. One could envision fluctuations 
among the O(La) and O(Sr) atoms via bands at Ej that Sr 
has caused to be depopulated. Fluctuations require emp¬ 
ty states near Ef. Table I shows these states to exist on 
the out of plane O. 


TABLE I. Partial charge densities. The arrow indicates the spin direction; " 

La 2 Cu0 4 * - - ■ - --- -- L*t sSr 0 . } CuO 4 LaSrCu0 4 

t . .1.- ~_T_ 1 -.- ,, ■ . - t. _^ 1 


Cu| 

4.34 

4.69 

,Cu'| 

4.31 

4.67 

■ - . • Cu{ * V1 

'4:33 • 

4.42 

Cu 2 

4.69 

4.34 

Cu 2 

4.66 

- 4.34 “ 

• - cii- 1 - 

■* 4.66 - 

•4.57 

La 

0.46 

0.46 

La . - 

0.46 

0.46 

■ “La 5 * r * 

' -’0.45- 

■ 0.45 

La 

0.46. 

0.46 

La 

- 0.44 

- ■ 0.44 

• • > La^ 'is-*.* 

••0.45 ’ •■■ 

0.45 

La 

0.46 . 

' 0.46 

La ■ 

0.45 

-0.45 •• 

' ,i. ■. La » 

-0.33- ’ 

- 0.'33 

La 

0.46 1 

0.46 

Sr 

0.34 

' • 0.34-. 

1 •; Sr^:::i..-.i 

.5 0.33- - ’ 

. 0.33 

0 (base) 

•2:62“— 

-2:62— 

-•’ O (base)' 

2.61 

. 2:62 

■ r.OI(base)i'.'.>-.,, 

.2.61. 

2.61 

O (base) 

. 2.62 ' 

2.62 

O-(basc) 

2.61 

. 2.62/ 

0:(base).;-.,: 

■: 2.61 , .. 

2.61 

O (La) ... 

2.62 .. - 

2.62— 

- --O-(La) 

2.56 

2.62 

O (Sr)‘ 

.2.49' , - 

2.49 

O (La) 

2.62 

2.62 

0 (Sr) 

2.56 

2.62. 

-• .. ,0 (Sr)-.. 

.2.49 

. 2.49 

O (La) 

2.62 

2.62 

0 (La) 

2.61 

2.57 

6 (La) 

.2.64 

2.64 

O (La) 

2.62 

2.62 

6 (La) 

- ,.2.62. 

2.60 

O (La) 

,2.64 

2.64 
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A similar picture is obtained for-50% Sr doping. The 
net charge on the Cu sites is 8.75 (4.33+4;42) on Cud) 
and 9.23 (4.66+4.57) on Cu(2) as compared to 9.03 
(4.34+4.69). Another important feature of Table I is 
that the O that is the nearest neighbor of Sr losses 0.13 
electrons (2.62—2.49) within its sphere. This O is also 
bonded to the Cu that loses 0.22 (8.98 — 8.75) electrons 
within.its spheres. Thus, the Sr doping, at least at this 
level, causes a hole to form on the Cu-0 bond that is the 
nearest neighbor to the Sr atom. Similar but less dramat¬ 
ic results occur for 25% doping. This simply reflects that 
the band at the Fermi energy is composed mostly of the 
Cu-0 character in the z direction, not the planar direc¬ 
tions. , 

The difference between the 25% and 50% behavior is 
related to how the Sr is substituted for La. For 25%, the 
Sr is substituted only on one side of the Cu-0 plane. For 
50%, the Sr is placed symmetrically above and below the 
plane. 

For very low levels of doping, a rigid-band model indi¬ 
cates that only bands on the hexagonal face would be 
depopulated and these have very important contributions 
from Cu-0 bonds within the plane of Cu-O. Thus, at low 
levels of doping, states on the hexagonal face are depopu¬ 
lated and holes would be observed in the Cu-0 plane. At 
large dopant levels of 15%, we would predict that the 
holes are in the Cu-0 bond perpendicular to the plane. 
The exact spatial distribution would depend on the sym¬ 
metry of Sr dopants relative to the plane. 

It is well established experimentally that 2:1:4 is anti- 
ferromagnetic with semiconducting behavior. u Substitu¬ 
tion of Sr for La leads to superconductivity. Neutron 
studies 14 indicate that the Neel state is destroyed by dop¬ 
ing and that the spin-spin correlation length is reduced 
from 35 to 8 A as the Sr concentration is varied from 
0.02 to 0.18. More importantly, the local order is found 
to be the same for the doped and pure 2:1:4. Thus, it is 
stated 14 that no important differences in magnetic scatter¬ 
ing were found in the normal and superconducting states. 
It is important to note that the interpretation of the neu¬ 
tron data is that doping affects the spin-spin correlations 
leaving the moment essentially unchanged from that of 
the pure state. Birgeneau et al . 14 caution that an unam¬ 
biguous interpretation will require samples where the 
Meissner fraction far exceeds the 15% observed in the 
currently available samples. Birgeneau et al. also indi¬ 
cate that there are unexplained differences between sam¬ 
ples. 

Our calculations are in agreement with the above pic¬ 
ture. A moment localized to the Cu atoms is obtained 
theoretically. This moment is practically unchanged up 
to a Sr concentration of 25%. We can similarly claim 
randomly placed Sr will disorder the moments. Our com¬ 
puted moment of 0.35/x fl is quite similar to the experi¬ 
mental value from neutron [(0.35±0.05)/r fi (Ref. 15(b)] 
and muon-spin resonance ((0.2—0.6)/z a ]. I3, * ) It is certain 
that the moment is much less than \.0fi B which would be 
obtained for spin 0.5. 

Finally, whether or not the antiferromagnetic ground 
state is obtained is closely related to the number of plane 
waves with which the nonspherical potential is expanded. 


No AF ground state was obtained when the potential was 
expanded with 4913 or 9261 plane waves. An AF ground 
state was found for 24 389 plane waves. This calculation 
was not. run to SCF due to extreme computed cost. The 
moment was 0.31 fi B and increasing when the job was ter¬ 
minated. Since the number of basis functions was con¬ 
stant, the representation of the potential is critical. 

There are other interpretations of the AF. state of 2:1:4. 
The resonating valence bond picture 16 assumes a spin of 
S= 0.5 on the Cu sites. An alternative strong-correlation 
picture 17 is that doping produces holes of spin 0.5 on the 
O sites in the plane. These local moment theories claim 
to account for much of the data but with adjustable pa¬ 
rameters. Clearly a fundamental assumption is that Sr 
doping produces holes on the O sites within the Cu-0 
plane. Our energy-band results would place holes in the 
plane only for low doping levels. For larger values of 
doping as in the superconducting region, our energy-band 
results show holes on the O in the La plane not the Cu-0 
plane. 

Spin and charge fluctuations have been mentioned as a 
possible mechanism for superconductivity. Our band- 
theory picture indicates a substantial coupling between 
planes via the O holes. Fluctuations within the plane can 
occur as a result of the fluctuations on the O. These fluc¬ 
tuations produce an attractive pairing interaction leading 
to a 3%. =280 K for 0.15 Sr doping of 2:1:4. 18 An impor¬ 
tant feature of our band, results is the capability of cou¬ 
pling within and between planes. 

•To support our claim that the width of the bands at E f 
are sensitive to how well the potential is represented, a 
comparison is made for two different representations of 
the potential with the wave functions remaining identical. 
Figure 2 shows the narrow band for 4913 and 15 356 




FIG. 2. Non-spin-polarized energy bands at Ef for 4913 and 
15 356 plane waves in potential. 
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plane waves in the potential, respectively. The band is 
narrow if the potential has many plane waves. Only the 
band at £ r has been included for clarity. The band for 
4913 plane waves is similar to that in the linear muffin-tin 
orbital (LMTO) calculations. The agreement cannot be 
exact because the LMTO calculation relies on the ap¬ 
proximation of overlapping spheres and the PSF calcula¬ 
tion relies on truncating the potential to 4913 plane 
waves. In further support of the accuracy of the PSF 
method, previously we have shown that the correct ther¬ 
modynamic properties are computed for bulk Si (Ref. 19) 
and that the correct bond length can be computed for a 
CO molecule. 1 We have also computed the correct sur¬ 
face structure of Si. 1 

In summary, the itinerant energy-band model yields a 
band structure which has a moment of approximately the 
correct magnitude on the Cu site. Calculations for Sr 
doping support the notion of spin or charge fluctuations 
on the Cu and 0 sites. No evidence for localized holes of 
spin 0.5 on the planar 0 sites is obtained. Our results 
support the interpretation put forth by Birgeneau et al. 
that Sr disorders long-range spin-spin correlations leav¬ 
ing the local Cu moment relatively unchanged. 
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APPENDIX 

The PSF method has been described in detail 1 with ap¬ 
plication to CO and Si. Here, we will provide an outline 
of the method and all information that would be required 
to repeat our calculations. The unit-cell parameters and 
atom positions have been determined by Jorgenson et al. 
The unit cell is divided into muffin-tin and interstitial re¬ 
gions. The muffin-tin radii J? MT are 2.81 a.u. for La, 1.84 
a.u. for Cu. and 1.62 a.u. for 0. The potential is divided 
into spherically symmetric potentials within the muffin 
tins and a nonspherical potential that extends throughout 
the unit cell including the spheres. To form the PSF 
wave functions, we construct linearized muffin-tin orbit¬ 
als exactly as in the LMTO or LAPW methods using the 
radial solutions <i> and <t>. <j> is the energy derivative of <j>, 
the solution of the muffin-tin potential for a given energy. 
The energy parameter is chosen to be an average band en¬ 
ergy as in the linearized methods. 

Beyond this point, the PSF method differs from other 
methods. First, we define two new radii R in and R ou , for 
all the muffin tins. R [n is chosen to be 0.95 R MT . R ou , is 
chosen to be 1.25 R MT . The PSF wave function at site n 
for angular momentum Im is now defined as 




a nlmjlm^k\>t f n )~ 1 t~b n i m ji m {k 2t r n ), 2 ’ < '^in » 

Ni m { i fi{E,r n )-{'Ci)i m <f>i m {E,r n )) ) Rj n <r<R out , 
-K lm (k,r„), R oui <r . 


The parameters a lm and N lm are chosen for continuity of 
the function and its radial derivative at R out . The Neu¬ 
man function /f /m has an energy parameter of —0.3 Ry. 
Within the distance R in- the parameters a nlm and b nlm are 
also chosen for continuity of the PSF function at R in . 
The energies for the Bessel functions j tm are /cf=0.1 Ry 
and k\=0.2 Ry. The above procedure is followed for the 
s, p, and d orbitals on the La and Cu sites and the s and p 
orbitals on the 0 sites. The results are not sensitive to 
the choice of energy parameters and k 2 within the ra¬ 
dius R in . The tail-parameter energy —0.3 Ry is the re¬ 
sult of calculations on many different systems. The resul¬ 
tant energy bands are not very sensitive to the tail param¬ 
eter if a value near —0.3 Ry is used. The above-defined 
PSF orbitals are smooth throughout space thus enabling 
straightforward Fourier transforms as previously shown. 1 
The criterion for the number of plane waves in the trans¬ 
form of the PSF orbitals is that J? MT times the maximum 
reciprocal-lattice vector be 7.0 in the three reciprocal- 
space directions thus defining a polyhedron in reciprocal 
space instead of a sphere. 

The PSF orbitals are now defined by a linear combina¬ 
tion of plane waves. The PSF orbitals are orthogonalized 
to the core states by augmentation as in the LAPW 
method. The solution of the Hamiltonian is fully de¬ 
scribed in Ref. 1 and is not repeated here. The charge 
density is in terms of spherically symmetric parts within 
the muffin tins and a Fourier series representing the non- 
spherical contribution. This plane-wave *um contains ap¬ 
proximately eight times the number of plane waves in the 
wave function. 

The self-consistency loop follows that oi the standard 
band theory. The charge density is used to define a new 
potential which is mixed with the old potential. New 
PSF orbitals are constructed and the Hamiltonian is 
solved again until the input and output potentials are the 
same to a small deviation. The PSF orbitals change as 
one iterates to self-consistency. The PSF orbital molds to 
the charge density and changes as the charge density 
changes especially in the bond formation region between 
atoms. The applications described here and in Ref. 1 in¬ 
dicate that the plane number wave* ir. the potential is vi¬ 
tally important for computation of properties. This 
dependence is shown in detail for a CO molecule. 1 In 
this paper we have shown that a bandwidth similar to 
that for other methods is obtained for a small number of 
plane waves. 
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